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Abstract
Author: Michael Christopher King
Title: The Development of a Force Balance for Testing Micro Aerial Vehicles
Institution: Embry-Riddle Aeronautical University
Degree: Master of Science in Aerospace Engineering
Year: 2012
The purpose of this work was to create a six degree of freedom balance that could produce
meaningful data for micro aerial vehicles. Research was conducted to investigate the common
balance configurations, and the strengths and weaknesses of each configuration were used to select
the most appropriate design. The limitations of available fabrication facilities, the desired level of
performance and the end user of the balance were all considered to finalize the design. The balance
and data acquisition system were fabricated over a period of several months, and unforeseen design
issues were handled forthwith. Rigorous calibration and testing processes were conducted. The
results of the calibration and testing processes were analyzed and documented. The performance
of the balance was determined to be less than traditionally recommended, but was acceptable due
to the small magnitude of the loads. Further testing is recommended to determine if performance
improves as the balance settles.
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Chapter 1
Introduction
The inspiration to pursue this project started with a monocopter, a recent autonomous system devel-
oped at Embry-Riddle that exhibited peculiar performance properties. This single rotating winged
vehicle appeared to remain stable in flight. The mechanism for this stability was not entirely clear,
but seemed likely to reside in the physics of rotating bodies. Specifically, the same phenomena
that allows a child’s gyroscope to seemingly defy gravity seemed to be at work to keep the mono-
copter stable in flight. While modeling the dynamics of the vehicle was not complicated, accurately
estimating the aerodynamic loads for this small vehicle frustrated attempts to model the vehicle
numerically. A means to obtain data that could be used to validate the calculated loads from the
model was desired. However, the equipment to accomplish this was not available at Embry-Riddle.
Thus, the goal of this thesis research was to develop a force balance for testing micro aerial vehicles
like the monocopter.
Micro Aerial Vehicles (MAV) are a subcategory of Unmanned Aerial Vehicles (UAV). While
not being a universally defining parameter, MAVs can be categorized by having a mass around
one kilogram or less. Typically, MAVs are defined by having no dimensions greater than 6 inches.
However, AeroVironment’s Wasp system, which is used by both the United States Air Force and
Marine Corps, is classified as a MAV with a weight just under 1 lb and wingspan of approximately
28 inches. At the same time, AeroVironment’s Raven system, which is also used by the Air Force
and Marine Corps, is considered a Small Unmanned Aerial System (SUAS), with a weight of 4.2 lbs
and a wingspan of 54 inches.
A noticeable effort has been invested recently into the research and development of small un-
manned and micro aerial vehicles. Research has been conducted into both conventional and biolog-
ically inspired vehicle designs for both civil and military missions. However, only a limited amount
of aerodynamic data has been published for a limited number of cross sectional shapes at very low
Reynolds Numbers. As a result, experiments are typically carried out by the designers to obtain
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believable data for a given platform [5].
In the absence of experimental data, computational fluid dynamics (CFD) solvers may be used
instead. The low flight velocities and small size of these vehicles means that these systems operate
in subcritical Reynolds Number flows, thus presenting unique flow characteristics. Special attention
must be paid to the aerodynamics to properly analyze MAVs. Simple programs like XFOIL can
be used to generate aerodynamic data for a single cross section. More advanced solvers based on
the vortex-lattice method, which are favored by designers for their speed, can be used to quickly
generate data around a three dimensional body. Finally, pressure based solvers that attempt to more
completely model turbulence can be used to obtain what is typically considered a more accurate
answer for incompressible flows. However, depending on the solution grid, these solvers can take
a considerable amount of time to obtain a stable solution, and may not be able to keep pace with
MAV developers. As with any numerical solution, it is always advisable to verify the results with
experimental data.
Thus, in light of the increasing interest in MAVs, both within and outside Embry-Riddle, and
limitations of numerical methods, having a balance to conduct testing was desirable. However, the
question from the start was not whether the balance itself was possible. Instead, the question was
whether the balance would be capable of producing aerodynamic data that would be useful to the
design and development of MAVs.
1.1 Statement of Problem
The focus of this thesis research was to create a six degree of freedom balance that could produce
meaningful data for micro aerial vehicles. One of the first major tasks was to quantify what con-
stitutes meaningful data. A high level of accuracy and precision would be the critical characteristic
defining the usefulness of the balance. The next task was determining how to achieve the desired
level of measurement performance, and implementing the solution in a cost effective manner with the
available facilities. Finally, testing the balance and analyzing the data to determine if the original
goal was met comprised the last task.
1.2 Literature Review
1.2.1 Aerodynamic Load Measurement
The four common methods for measuring aerodynamic forces and moments are: (1) measure the
forces and moments directly using balances, (2) measure the stress distribution over the entire
model, (3) measure the wake of the model, or (4) measure the motion of a free flight tunnel test
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and determine the forces from the equations of motion [7]. The focus of this study is on the most
common method; direct measurement of the aerodynamic loads using a balance.
General Information on Force Balances
Wind tunnel force balances are classified as either internal or external force balances. Internal
balances obtain force and moment measurements from within the model being tested. Conversely,
external balances measure from outside the model and usually outside the test section. Both balances
must be designed as a compromise between the maximum expected loads and the desired precision.
However, internal balances must accomplish everything an external balance accomplishes within a
limited volume, and typically cannot match the dynamic range and force and moment component
independence available with most external balances [7].
External Balance Configurations
Most external balances use a strut mounting method. These struts provide a means to change the
both the pitch and yaw of the model and transmit the forces experienced by the model back to the
balance. Different strut configurations exist, and the effect each configuration has on the measured
aerodynamic forces and moments must be accounted for either through the balance design or the
data reduction process. Three common types balance configurations exist where each is named
based on the manner in which the system is assembled. These configurations are platform, yoke and
pyramidal.
Figure 1.1: Platform Balance (Reproduced from Reference [7])
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Platform Platform balances (Figure 1.1) tend to be widely used. This configuration is easy to
construct, rugged, naturally orthogonal, and is relatively easy to align. However, its disadvantages
include: (1) the moments appear as small differences in large forces, (2) the balance resolving center
is not at the center of the tunnel and the pitching moments must be transferred, and (3) the drag and
sideforce loads put pitching and rolling moments on the load ring [7]. The data reduction process
must account for the resulting component interactions. Equation 1.1 is the set of equations required
to reduce the data into aerodynamic loads. The parameters D, S, L, l, m and n are drag, side force,
lift, rolling moment, pitching moment and yawing moment, respectively. This nomenclature will
be used consistently throughout this thesis. It is worth noting that variations on the basic design
illustrated in Figure 1.1 exist, and the data reduction equations must be modified accordingly.
D = d + e S = −f L = −(a + b + c)
l = w2 (a− b) m = cx n = w2 (e− d)
(1.1)
Yoke Unlike the plateform balances, the yoke balances (Figure 1.2) have the moment resolving
center near the center of the tunnel. It should be noted that the yoke design leads to larger de-
flections, especially in pitch and sideforce, and there is still component interaction that must be
accounted for in the data reduction process [7]. Equation 1.2 is the set of data reduction equations
for this type.
Figure 1.2: Yoke Balance (Reproduced from Reference [7])
D = c + d + e S = −f L = −(a + b)
l = w2 (b− a) m = −ex n = w2 (d− c)
(1.2)
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Pyramidal The pyramidal balance (Figure 1.3) offers advantages over the platform and yoke con-
figurations, but not without the cost of increased construction and alignment complexity. However,
the moment resolving center is at the center of tunnel, and the measured components do not need
additional data reduction due to interactions. The inclined struts must be precisely aligned and the
deflection cannot be significant, or the moments will not be accurate [7]. This additional complexity
leads to simple data reduction equations that are easily handled by the calibration matrix. The
reduction equations are shown in Equation 1.3.
Figure 1.3: Pyramid Balance (Reproduced from Reference [7])
D = Drag S = Side Force L = Weight of Balance
l = R× f m = −P × f n = Y × a
(1.3)
Theory Behind Pyramidal Balances
Two assumptions are made in the design and analysis of trusses: (1) All loads are applied at the
joints, and (2) the members are joined together by smooth pins. As a result of these two assumptions,
the members of the truss act as two force members, either in tension or compression, depending
on the applied load. The joints, through the smooth pin assumption, neglect friction. Thus, the
joints are allowed to rotate freely, and do not transmit moments. Put another way, the resistance
to bending, or moment of inertia, is zero. While forces can be transmitted from one side of a joint
to the other, bending moments cannot.
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Consider the typical truss shown in Figure 1.4. If Force F acts at the joint at point B, member
a would be in tension, and member b would be in compression. Now consider structure shown in
Figure 1.5. This is a similar to figure shown in [7] to explain the analysis of pyramidal balances.
The top of the structure can be treated as a frame since the members are rigidly connected at points
B, F and G. Also, joints have been added at points D, E, H and I. Again, if Force F acts at point
B, segment AB would be in tension, and segment BC would be in compression, and the structure
would not collapse.
Figure 1.4: Basic Truss with Applied Force
Figure 1.5: Truss Structure with Joints and Applied Force
If a moment is applied to point B in addition to Force F, as shown in Figure 1.6, the structure
would collapse unless a Force R equal to M/c is applied. The jointed members would support the
applied force, but not the applied moment. It is in this manner that the pyramidal configuration
decouples the applied aerodynamic forces and moments. However, there is a practical problem with
this setup. While it may be possible to set up universal joints at the points indicated in Figure 1.6
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theoretically, in reality, accomplishing this would pose serious difficulties.
Figure 1.6: Truss Structure with Joints and Applied Force and Moment
In general, all that is desired at the joints is a very low resistance to bending to enforce an
alternate load path to measure the moments independently. This is accomplished through the use
of flexures points, as shown in Figure 1.7. However, this figure is greatly simplified. In reality, the
problem is three dimensional, and the applied loads are completely dependent on the model being
tested and its orientation in the tunnel. Thus, it is impossible to predict the exact magnitude and
direction of the internal loads in the flexure members. To handle this problem, the flexure members
have two sets of two flexure points, where each pair is aligned 90◦ offset.
Figure 1.7: Basic Pyramid Balance Truss Structure
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Linkages
Flexures are used to transmit specific load components to the correct load cells with minimal in-
terference. Flexures are designed to have certain characteristics: flexures (1) should be able to
withstand motion in all directions without lost motion in the coupled members, (2) are frictionless,
thereby eliminating hysteresis effects, (3) are able to withstand relatively rough treatment, and (4)
are wearproof, maintaining mechanical properties over an indefinite period of time [7].
Calibration
Balance calibration is required even with the most carefully designed and aligned systems. In
addition to calibration of the basic output signal from each load cell, there will often be some amount
of interaction between the balance components that must be accounted for through a meticulous
calibration process. According to [7], the first calibration for a new balance can take several months
with a competent team, require access to adequate shop facilities and a large amount of testing
equipment, and lead to many adjustments to minimize interactions.
Prior to the widespread availability of digital computers, minimizing interactions was intended to
reduce the labor of data reduction by hand. The practice of expending extensive time to minimizing
interactions has since been set aside in favor of deriving computational algorithms that will account
for the interactions. Regardless, it is still advisable to make an effort align the balance components
and reduce interactions to maximize the output from the load cells. The process described in [7] is
outlined below.
1. Load and adjust each component until the slope is maximized.
2. Load each component independently and adjust the balance to reduce the output from the
other components. [7] recommends starting with lift is perpendicular to drag and side force
using lift as the load. Next, check that lift passes through the moment resolving center by
checking pitch and roll. Finally, ensure that side force is perpendicular to drag, which may
require rechecking lift.
3. Components loads should be applied from zero to full scale and back down to zero again,
incrementally. Plots of the unloaded component outputs will show zero shifts and hysteresis.
4. Once the interactions have been minimized, the balance should be tested for repeatability,
and combined loadings should be investigated. It is also recommended that the balance be
tested with very small loads to check sensitivity.
5. Finally, the natural frequency of the balance should be determined, and fluctuating loads
applied to ensure the mean value is measured.
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The end result of the calibration process, specifically the results of the third step, is a N × N
calibration constant matrix, where N is the number of components measured by the balance. This
matrix is used in the data reduction process to determine the forces and moments generated during
testing. The matrix is
K =

DD DS DL Dl Dm Dn
SD SS SL Sl Sm Sn
LD LS LL Ll Lm Ln
lD lS lL ll lm ln
mD mS mL ml mm mn
nD nS nL nl nm nn

(1.4)
The subscript stands for the applied load. Thus, DL is the slope obtained through the calibration
reduction process for the drag load cell output while the balance was loaded only in lift. Ideally, the
matrix components are all zero except along the diagonal. To calculate the loads from component
output voltages, V , Equation 1.5 is used.

D
S
L
l
m
n

= K−1

VD
VS
VL
VR
VP
VY

(1.5)
Expect Loads and Permissible Errors
According to [7], the probable maximum full-span coefficients and the maximum permissible error for
research balances are provided in Tables 1.1 and 1.2, respectively. Using the values in these two tables
and knowledge about the tunnel size and performance, estimations of the maximum expected loads
and permissible error tolerance can be calculated. These two tables provided necessary guidelines
to an important preliminary question; what constitutes meaningful data for MAVs? However,
Reference [9] sets the permissible error around 1% for small loads, perhaps a more realistic goal for
the balance. The values defined by Reference [7] are used for the purposes of design in this project.
1.2.2 Reference Frames
The reference frames of note in this project are the wind axes and body axes frames. Ideally, wind
axes (Figure 1.8) are perfectly aligned with the wind tunnel axes, however, this is typically not the
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Table 1.1: Maximum Expected Coefficients
Component Maximum Positive Maximum Negative
Drag +1.0 -1.0
Side Force +1.0 -1.0
Lift +4.0 -2.0
Roll +0.2 -0.2
Pitch +1.0 -1.0
Yaw +0.2 -0.2
Table 1.2: Permissible Coefficient Measurement Error
Component Low Angle of Attack High Angle of Attack
Drag ± 0.0010 (0.1%) ± 0.0025 (0.25%)
SideForce ± 0.0010 (0.1%) ± 0.0025 (0.25%)
Lift ± 0.0040 (0.1%) ± 0.0100 (0.25%)
Roll ± 0.0002 (0.1%) ± 0.0005 (0.25%)
Pitch ± 0.0010 (0.1%) ± 0.0025 (0.25%)
Yaw ± 0.0002 (0.1%) ± 0.0005 (0.25%)
case, and there is some marginal angularity between both systems in reality. Body axes are based
on the model, and move with the model. The orientation of body axes frame is coincident with
wind axes when the model is pointing directly into the wind. Throughout this project, wind axes
and body axes frames are treated as coincident.
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Figure 1.8: Wind Axes System
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Chapter 2
The Balance
2.1 Design Parameters
The primary criterion that guided the design included the following points: (1) mobility, (2) dura-
bility, and (3) the balance should be capable of producing meaningful aerodynamics data for MAVs,
so the component precision and accuracy would be crucial. The available wind tunnels, ambient
conditions in the wind tunnel lab, the available funds for the project and the available facilities to
fabricate components were also taken into account.
2.1.1 The Tunnel
The Wind Tunnel Lab contains several working tunnels, three of which are used on a regular basis
for instructional purposes. One of these tunnels is a smaller 18” × 24” tunnel (Figure 2.1) regularly
used for flow visualization demonstrations. It was the ideal candidate for testing MAVs, and was
selected to house the balance. This tunnel typically operates around 5 ft/sec for flow visualization
purposes, however, it is capable of achieving wind speeds around 30 ft/sec in the test section. The
balance needed to be designed such that it would fit beneath this tunnel’s test section, and be easy
enough to remove should static testing requiring more space than available in the test section need
to be conducted.
2.1.2 Durability
The 18” × 24” tunnel was previously equipped with a three component balance (Figure 2.2). How-
ever, this balance suffered frequent plastic deformations (Figure 2.3), which required repeated re-
calibration, an impractical test process. The new balance needed to be designed as a compromise
between the instrument’s component precision and overall durability.
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Figure 2.1: ERAU 18” x 24” 3D Smoke Tunnel
2.1.3 Expected Loads and Component Precision
The loads on the balance are a function of the tunnel wind speed and model size. Some educated
guesses were made for the latter variable to estimate the expected maximum loads. To remain well
outside the tunnel’s wall boundary layers, the maximum vehicle wingspan should not be greater
than 19” (1.6 ft), or 80% of the tunnel’s 24” width [7]. The tunnel has a maximum test section
wind speed around 30 ft/sec, and assuming standard atmosphere, this puts the maximum dynamic
pressure around 1.07 lb/ft2. Assuming a relatively low aspect ratio of 3.0 and a rectangular wing, the
chord will be 6.3 inches (0.53 ft). Thus, the product qS is 0.9 lbs. To make a very crude estimate for
side force, an assumption that the area is approximately 15% of the planform area. Using the values
listed in Table 1.1, it is possible to estimate the values of the maximum loads using the equations
for aerodynamic coefficients. Table 2.1 outlines the results. This table also gives an answer as to
what constitutes meaningful data by providing the desired level of precision. The values listed in
this table defining the desired level of precision will be the ones used to measure the quality of the
balance.
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Figure 2.2: Three Component Force Balance
Table 2.1: Maximum Expected Loads and Recommended Precision
Component Maximum Positive Maximum Negative Precision
Drag 0.90 lb -0.9 lb ± 0.0023 lb
Side Force 0.90 lb -0.9 lb ± 0.0023 lb
Lift 3.60 lb -1.8 lb ± 0.0090 lb
Roll 3.48 in-lb -3.48 in-lb ± 0.0087 in-lb
Pitch 5.76 in-lb -5.76 in-lb ± 0.0144 in-lb
Yaw 3.48 in-lb -3.48 in-lb ± 0.0087 in-lb
2.2 The Design
2.2.1 Balance Configuration
After considering the potential advantages and disadvantages presented in Section 1.2.1 for the
common balance configurations, and the design parameters listed at the start of this chapter, the
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Figure 2.3: Plastic Deformation of Three Component Force Balance Flexure
pyramidal configuration balance was selected. Despite the relatively simple and robust designs, it
appeared both the platform and the yoke types would have difficulty producing meaningful moment
data based on the literature. A yoke balance would also be difficult to incorporate into the 18” ×
24” tunnel, becoming permanent structure, and compromise the tunnel’s effectiveness as a smoke
visualization tool.
2.2.2 Bearings Versus Flexures
Reference [7] recommends against using bearings for pivots in favor of flexures. Ideally, pivots should
be frictionless to avoid hysteresis when loads are reversed, and flexures can provide this requirement.
However, the use of flexures can also reduce the overall strength of the system, reducing longevity.
As a result, it was decided to primarily use bearings at pivot points.
2.2.3 Final Design
The final design was developed in CATIA, and it was heavily influenced by the AEROLAB pyramidal
balance used with the 30” × 40” tunnel in the Wind Tunnel Lab. The benefits of the design of
AEROLAB balance are twofold; it allowed for the reduction of overall balance volume and footprint,
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making the balance easier to move, and more importantly, it preserved the lift component precision.
Without using a counterbalance setup, the lift load cell would need to have the capacity to support
the balance superstructure in addition to the expected lift loads. In essence, it allowed for the use
of a smaller load cell for the lift component, thereby providing a greater degree of precision. A
single counterbalance could have also been used, but it seemed that such a solution presented a less
stable option, structurally. Figures 2.4 through 2.6 illustrate the final design. Figure 2.7 shows the
subassemblies of the balance.
Figure 2.4: Balance Isometric View
Drive System
The spindle assembly drives the orientation of the model mounting plate. It is designed to give the
mounting plate ±20◦ of movement from the centerline in both pitch and yaw. To accomplish this,
two 800 Series DC Permanent Magnet Motors from Cramer Company were used. Table 2.2 provides
the technical specifications for these motors. To transmit the motion, several precision spur gears
from Stock Drive Products/Sterling Instrument were obtained, and to track the motion, two Series
282 Precision Potentiometers from CTS Electrocomponents were coupled to the drive system. The
gear assemblies for both motors have gear ratios of 2.5, providing 9.38 in-lbs of torque at the pitch
and yaw pivots, exceeding the expected maximum pitch and yaw loads (Table 2.1). This ensures
that the user can still actuate the mounting plate even at the high pitch and sideslip angles.
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Figure 2.5: Balance Side (left) and Rear (right) Views
Figure 2.6: Balance Top View
Table 2.2: 800 Series Motor Specifications
Specification Value
Starting Torque (At 1 RPM) 3.75 in-lb
Running Torque (At 1 RPM) 3.75 in-lb
Static Gear Train Rating (Standard Duty) 5.63 in-lb
Dynamic Gear Train Rating (Standard Duty) 1.88 in-lb
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(a) Spindle and Strut (b) Cradle
(c) Cage (d) Counter Balance
(e) Base
Figure 2.7: Balance Assemblies
Sensor Selection and Explanation
The LBB200 series of load cells from Futek Advanced Sensor Technology, Inc. was selected. These
load cells had the same overall dimensions from the 0.25 lb model through the 25 lb model, allowing
for the balance design to develop without specifically selecting a particular load cell model. This
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Table 2.3: Initial Selection Results
Component Sensor Capacity Load Precision
0.25% F.S.
Drag 1.00 lbs ± 0.0025 lbs
Side Force 1.00 lbs ± 0.0025 lbs
Lift 5.00 lbs ± 0.0125 lbs
Roll 0.25 lbs ± 0.0097 in-lb
Pitch 0.50 lbs ± 0.0191 in-lb
Yaw 2.00 lbs ± 0.0125 in-lb
was beneficial when dealing with the moment load cells, where the moment arms for these load cells,
which would be defined as the design developed, and the expected maximum moment loads would
set the required load cell capacities.
Based on the results from Table 2.1, Table 2.3 was created. The force load cells needed to have a
capacity of 1.00 lbs for drag and side force, and 5.00 lbs for lift. The moment arms are 15.56 inches,
15.31 inches and 2.5 inches, for roll, pitch and yaw, respectively. Using these dimensions and the
maximum expected moment load, this gives load capacities of 0.22 lbs, 0.38 lbs and 1.392 lbs. Thus,
the 0.25 lb, 0.50 lb and 2.00 lb models would be needed for roll, pitch and yaw, respectively.
Reviewing Table 2.3, some changes were made to the load cell capacities to better match the
intended purpose of the balance. If the maximum expected lift load is lowered to 2.0 lbs, this will
lead to a maximum lift coefficient of approximately 2.2. Considering that 2.0 lbs is about the weight
of 1 kg, the common maximum mass of UAVs classified as MAVs, this seems like a reasonable
compromise. It was difficult to say whether or not reducing the maximum drag coefficient was
advisable. By reducing the maximum load to 0.50 lbs, the coefficient error would be 14 drag counts,
or ±0.0014, based on the estimates made in 2.1.3. The only time the load cell would see forces of this
magnitude would be during tests at very high angles of attack, or during thrust tests. Similarly, it
seems unlikely that the balance would be exposed to such large side forces. The moment components
appeared acceptable and were left alone. Table 2.4 has the final load cell selections.
2.3 Stress Analysis
2.3.1 Estimation of Internal Forces
The complexity of the balance does not lend itself to a complete finite element analysis. Some
attempts were made to accomplish such an analysis with no note worthy success. The combination
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Table 2.4: Final Selection Results
Component Sensor Capacity Load Precision
0.25% F.S.
Drag 0.50 lbs ± 0.0013 lbs
Side Force 0.50 lbs ± 0.0013 lbs
Lift 2.00 lbs ± 0.0050 lbs
Roll 0.25 lbs ± 0.0097 in-lb
Pitch 0.50 lbs ± 0.0191 in-lb
Yaw 2.00 lbs ± 0.0125 in-lb
of pin and spherical joints and flexural points caused singularities and excessive deformations. A
very well tuned mesh for the entire balance and special boundary conditions at the joints would be
required to overcome these difficulties. Even if these parameters were met, the computation time
and memory requirements would be extreme, especially since the goal of this endeavor was to create
a working balance, not a working computational model of a balance. As such, only critical sections
of the balance were analyzed using finite element analysis.
The assembly that required analysis was the pyramidal part of the balance. To use finite element
analysis on this part of the balance, some consideration must be given to the types of structural
elements used in the analysis. The question is whether the spider is a space truss or space frame.
In reality, the spider is a space frame requiring the use of beam elements to be used in the analysis
process, but for the sake of completeness, two models were created; one using rod elements and the
other beam elements. The analysis was carried out using NASTRAN. The basic geometry is shown
in Figure 2.8, and the analysis results are shown in 2.5.
2.3.2 Cradle Flexures
Based on the results from the space truss analysis in Table 2.5, the maximum axial load is 1.76 lbs.
Referring to Figure A.3 in Appendix A, the cross sectional area at the flexure is 0.0078 in2. Thus,
the maximum axial stress is 225 psi. The tensile yield strength of AL6061-T651 is approximately
40,000 psi, giving an extremely large factor of safety at the flexure points. However, using the
maximum values from the space frame analysis, and assuming that the flexure is aligned such that
the bending moment is parallel with the neutral axis, the combined normal stress at the flexure
would be 61,200 psi, a value well in excess of the yield strength. This is an expected result as the
flexure is not intended to carry the loads due to aerodynamic moments. Rather, the bending load is
to be supported by the moment loads cells, transmitted through the linkages leading to these load
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Figure 2.8: Space Truss Structure
cells.
Since the flexures will be exposed to compressive loads, buckling was checked for completeness,
despite the extremely low probability given the geometry and low loads. Using the buckling analysis
for short columns described in [6] and data from MIL-HDBK-5, the critical buckling load is 4,040
lbs. With an axial load of this magnitude, the flexure will reach the compressive yield strength of
36,000 psi well before first order buckling occurs. Finally, under design operating conditions, the
flexures will never exceed the fatigue endurance stress limit of 12,000 psi for AL6061.
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Figure 2.9: Spider Flexure
2.3.3 Load Cell Flexures
Each load cell has small flexure designed into the linkage assembly leading to it. The maximum
expected load for these flexures is 2.0 lbs, the required capacity of the lift and yaw load cells. Figure
in Appendix A is a dimension sketch for one of these turnbuckles. The minimum thickness has
a cross sectional area of 0.0031 in2, resulting in a normal stress of 652 psi, well below the yield
strength. Similar to the cradle flexure buckling analysis, it was found that the load cell flexure
would reach the compressive yield strength well in advance of buckling failure, and should never
exceed the endurance limit within the instruments life under design operating conditions.
2.4 Fabrication and Final Product
The balance was fabricated in Embry-Riddle’s Engineering Department Machine Shop. This could
not have happened without the help and instruction of Laboratory Supervisor and Machinist William
Russo. Figure 2.10 shows the unassembled balance laid out on the work bench, and Figures 2.11
through 2.14 show the several stages in the assembly process including the final product.
2.5 Design Issues
As the balance developed, the design had to change as issues became apparent. The first problem
that was encountered occurred during initial assembly; the superstructure of the initial design was
not supported against rotation about the vertical axis. As a result, the superstructure would severely
misalign and settle in a position placing excessive loads on the drag and side force load cells. The
AEROLAB Balance is setup in a fashion where the drag load cell is supporting this load. Several
parts were fabricated to create the same setup for the project balance, but the resulting load the
drag load cell was substantial, even without an applied yawing moment. Thus, an additional support
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Figure 2.10: Unassembled Balance
Figure 2.11: Spindle in Cradle
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Figure 2.12: Balance Superstructure
Figure 2.13: Final Product
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Figure 2.14: Final Product Closeup
assembly was added to the design to correct the issue. This assembly, clearly shown in Figure 2.15,
uses three miniature linear rails to allow the superstructure to move freely in all three axes, but
restricts rotation. However, alignment of this assembly is crucial; slight misalignment can have a
signification on aerodynamic force measurement, so great care must be taken aligning this part of
the assembly.
The second problem that was encountered dealt with friction. Friction in the system will lead
to non-repeatability in load measurement, a serious issue. While friction will always exist with
moving parts, it is desireable to reduce its effects to the lowest possible levels. The ball bearing
rod ends clearly shown in Figure 2.14 are Aerospace Part No. MS21151-2. These rod ends were
used to replace plain bearing rod ends that were significantly reducing output at the lift load cell.
Maintenance in the form of periodic lubrication with 3-in-One Oil should occur to keep the balance
operating correctly.
Finally, some effort was put into decoupling the rolling and yawing moments. However, the
assembly meant to handle this task did not produce desirable results during initial calibration
testing. Significant interaction between the moment components and nonlinear and non-repeatable
data was observed. While the exact cause for the poor performance was not precisely identified,
26
Figure 2.15: Superstructure Yaw Support
the likely cause was tolerance in both the fabricated parts and bearings, leading to misalignment
of rotation axes and looseness in the assembly. The issue was handled by removing the assembly
completely and dealing with the interaction between the two components through the data reduction
process.
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Chapter 3
Data Acquisition System
The data acquisition system is comprised of two components; a hardware component and a software
component. A National Instruments USB-6210 acts as the intermediary between these two sides.
Additionally, controls and indicators for actuators that control the orientation of the model have
been included within the data acquisition chassis. It should be noted that the electronic hardware
for this system was designed and built by Electrical Engineer Michael Potash, and could not have
been completed without his assistance.
3.1 Sensors
There are a total to eight sensors in the system; six load cells, a temperature sensor and a differ-
ential pressure sensor. The Omega Engineering, Inc. AD590JH Solid State Temperature Sensor
(Table 3.1) and the PX277-01D5V Differential Pressure Transducer (Table 3.2) were used to mea-
sure temperature and dynamic pressure. The load cells (Figure 3.2) are the Futek Advanced Sensor
Technology, Inc. LBB200 Series Bending Beam Load Cells. As described in 2.2.3, several different
load capacities were required, but the general specifications for each load cell were the same and are
shown in Table 3.3.
3.2 Data Acquisition Module
3.2.1 Sampling
As mentioned previously, the data acquisition module is a National Instruments USB-6210. Table 3.4
has the specifications for the module. Unfortunately, this data acquisition module is not capable of
simultaneous sampling. Equipment capable of simultaneous sampling tends to cost several thousand
dollars; well outside the budget for this project. However, the USB-6210 is setup to approximate
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Figure 3.1: Balance Data Acquisition and Control Box Front Panel
Table 3.1: AD590JH Solid State Temperature Sensor
Specification Value
Voltage Range 4 to 30 VDC
Nominal Output at 298.2K 298.2 µA
Nominal Temperature Coefficient 1 µA/K
Repeatability ±0.1◦C maximum
Long-Term Drift ±0.1◦C/month maximum
Linearity ±1.5◦C
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Table 3.2: PX277-01D5V Differential Pressure Transducer
Specification Value
Excitation 12 to 35 VDC
Output 0 to 5 or 0 to 10 VDC selectable
Accuracy ± 1.0 % F.S.
Selectable Ranges 0 to 1.0, 0 to 0.5, 0 to 0.25, -0.5 to 0.5,
-0.25 to 0.25 or -0.125 to 0.125 in. H2O
Operating Temperature 0 to 175◦F
Compensated Temperature 25 to 150◦F
Thermal Effects ± 0.0125 % FS/◦F
Table 3.3: LBB200 Cantilever Bending Beam Load Cell
Specification Value
Rated Output (R.O.) 1mV/V nominal
Safe Overload 150% of R.O.
Zero Balance ±10% of R.O.
Excitation Voltage 18 (VDC or VAC) maximum
Bridge Resistance 1000Ω nominal
Nonlinearity ±0.05% of R.O.
Hysteresis ±0.05% of R.O.
Non-repeatability ±0.01% of R.O.
Temperature Shift Zero ±0.02% of R.O./◦F
Compensated Temperature 60 to 160◦F
Operating Temperature -45 to 200◦F
Material 17-4PH Stainless Steel
Nominal Deflection1 0.08 to 0.022 in.
1 Value dependent on the load cell model
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Figure 3.2: Load Cells
simultaneous sampling. Figure 3.3 helps demonstrate this capability.
There are several clocks that need to be defined, starting with the Sample Clock Timebase. This
clock is used to produce the Sample Clock defined by the user. It is generated internally by default,
and may be either 20 MHz, 100 kHz or programmable function input. The Sample Clock defines the
Sample Period, and is created once the user defines the Sampling Rate (Equation 3.1) in samples
per second.
Sample Rate =
1
Sample Period
(3.1)
There is a a Start Delay from the Sample Start Trigger and the first pulse of the Sample Clock.
By default this is two ticks of the Sample Clock Timebase. Spaced evenly between the Sample Clock
pulses are the Convert Clock Timebase pulses. NI-DAQmx will determine the fastest conversion
rate based on the module and pad this value by 10µs. This allows for adequate settling time between
switching input channels. It is the Convert Clock Timebase that is used to generate the Convert
Clock. While Figure 3.3 shows the Sample Timebase Clock and Convert Timebase Clock matching,
nothing in the literature specifically requires this. There is a default delay of three ticks between
the Sample Clock pulse and the first Convert Clock pulse for a given Sample Period, after which
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the first channel sample is taken, followed by the rest of the channel samples. The sampling rate
defined in Table 3.4 is the maximum sampling rate for a single channel. Scanning eight channels,
the maximum sampling rate is 31.25 kS/s.
Convert
Period
Start
Delay
Sample
Clock
Delay
Sample Period
Channel 2 Sample
Sample Clock Timebase
Sample Start Trigger
Sample Clock
Convert Clock Timebase
Convert Clock
Channel 0
Channel 1
Channel 2
Figure 3.3: Multichannel Scanning Timing
3.2.2 Ground-Reference Settings
Finally, it is worth noting that the USB-6210 Analog Input Ground-Reference Settings can be setup
for Referenced Single-Ended (RSE), Non-Referenced Single-Ended (NRSE) and Differential. The
system is wired for Referenced-Single Ended. The LABVIEW software suite does not know this,
and the user must ensure that RSE is selected when acquiring data or the data will be erroneous.
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Table 3.4: National Instruments USB-6210
I/O Specification Value
Analog
Input Channels 16, 81
Output Channels 0
Resolution 16 bits
Sampling Rate 250 kS/s
2
Maximum Voltage 10 V
Maximum Voltage Range ±10 V
Maximum Voltage Range Accuracy 2.69 mV
Maximum Voltage Range Sensitivity 91.6 µV
Simultaneous Sampling No
Onboard Memory 4095 samples
Digital
Bidirectional Channels 0
Input Channels 4
Output Channels 4
Timing Software
Maximum Input Range 0 V, 5.25 V
Maximum Output Range 0 V, 3.8 V
1 16 Single-Ended, 8 Differential
2 Units are kilo-samples per second
3.3 Hardware and Electronics
3.3.1 Model Attitude Control
The control interface for the drive system was included in the data acquisition chassis to consolidate
the electronics. Figure E.8 in Appendix E is the model attitude circuit board. The two digital
readouts on the front panel of the chassis (Figure 3.1) give the pitch (left) and yaw (right) in degrees.
It is possible to connect the pitch and yaw voltage output that is displayed in the respective readouts
to the USB-6210. The data acquisition software is not currently setup to handle two extra input
channels, but the change would not take much time to implement.
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Figure 3.4: Model Orientation Circuit Board
3.3.2 Signal Amplification
Futek’s LBB200 Series Load Cells have a rated output of 1mV/V nominal, and an maximum ex-
citation voltage of 18V. The maximum analog input for National Instruments’ USB-6211 Data
Acquisition Module is 10V. The excitation voltage for the load cells was designed to be 10V, pro-
viding a maximum of 10mV directly out of the load cells under full scale loading. The signal from
each of the load cells was given a gain of one thousand to achieve a desirable level measurement
performance.
3.3.3 Filter
The signal for each load cell is also passed through a low-pass, second-order signal filter. The cut-off
frequency is based on the expected aerodynamics and models that the balance will to be used to
test. Measurable fluctuations due to the aerodynamics are an effect of turbulence in the flow field,
specifically boundary layer separation on the model. Parameters including Reynolds Number, model
shape, surface roughness and freestream turbulence will affect where and to what degree separation
occurs. As a result, pinning down an exact frequency above which the load cell signal should be
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Figure 3.5: Interior of Data Acquisition and Model Control Box
attenuated is not possible.
The Strouhal Number (Equation 3.1) can be used to estimate the frequency of vortices shedding
off a circular cylinder. The parameters n, D and V in Equation 3.1 are the vortex frequency, the
cylinder diameter and the wind speed, respectively. At Reynolds Numbers above 1000, the Strouhal
Number approaches 0.21. The vorticies off a cylinder with a 1 inch diameter being tested at a wind
speed of 30 fps at standard atmosphere will occur at 76 Hz.
St =
nD
V
(3.1)
A monocopter rotating at 1000 RPM will have a rotational frequency around 17 Hz. These are
relatively low frequencies, and would suggest the use of a relatively low cut-off frequency. How-
ever, the purpose of the signal filter is to filter out electronic noise, which occurs at much higher
frequencies, that can contaminate the signal from the sensors, not block out signal due to physical
phenomena that are not predicted by these two very limited examples. Thus a cut-off frequency of
2 kHz was designed into the system.
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Figure 3.6: Amplification Circuit Board
3.4 Software
The second part of the data acquisition system is the LABVIEW software program called WINDT2011.
This program is shown in Appendix F, however the following sections provide further detail about
the data reduction process. It should be noted that a similar program was created previously by
another graduate student as the focus of his thesis. Unfortunately, the program was sometimes un-
clear what the user needed to do, a problem that only became worse when LABVIEW was updated
on the lab computer.
3.4.1 Process
While the data acquisition and reduction process is not a complicated one, it is easier to describe
using a flow chart. Figure 3.7 shows the procedures to acquire experimental data.
3.4.2 Aerodynamic Tare
While creating the weight tare is straight-forward process, creating the aerodynamic tare is slightly
more in depth. During the aerodynamic tare, the six component load cell voltages and the dynamic
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pressure sensor voltage are measured. The component voltages are divided by the dynamic pressure
sensor voltage, nondimensionalizing the tare. Once experimental data is taken, the experimental dy-
namic pressure voltage is used to redimensionalize the aerodynamic tare so that it may be subtracted
Start Process
Number of
Configurations, N ,
Counters, i = j = 1
Take Initial Output
Voltage Measurement
Turn on the Tunnel
Take Aerodynamic Tare
Mount the Model
Take Model Weight Tare Change Configuration
i = N i = i+ 1
Turn on the Tunnel
Take Experimental
Measurements
Change Configuration
Calculate
Aerodynamic Loads
j = N j = j + 1
Write Data
to File
Finish Process
False
True
False
True
Figure 3.7: Data Acquisition Program Flow Chart
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from the overall experimental component voltage measurements.
3.4.3 Moment Transfer
The moment resolving center (RC) of the balance is located on the surface of the mounting plate
where the strut axis passes through. Since it is unlikely that this point is analytically useful, moment
data needs to be transferred from this point to a desirable point relative to the model. The matrix
shown in Equation 3.1 is used to accomplish this task.

l
m
n
 =

lRC
mRC
nRC
−

0 −z y
z 0 −x
−y x 0


−D
S
−L
 (3.1)
The terms l, m and n are the rolling moment, the pitching moment and the yawing moment,
respectively. The moment terms with the subscript RC are the moments about generated at the
balance moment resolving center, while the terms without are the moments to be calculated around
a desirable analytical point on the model. The terms within the square matrix are the coordinates of
the analytical point relative to the moment resolving center using the the wind axes system (Figure
1.8). Finally, the terms D, S and L are the measured drag, side force and lift, respectively. The
matrix reduces to the set of equations in 3.2. The coordinates are relative to the balance resolving
center.
l = lRC + Ly + Sz
m = mRC − Lx+Dz
n = nRC − Sx−Dy
(3.2)
3.4.4 Nyquist-Shannon Sampling Theorem
Since the original inspiration for the balance was a monocopter, it is worth mentioning the Nyquist-
Shannon Sampling Theorem despite WINDT2011 not being setup to handle continuous sampling.
The theorem is straight-forward, but is important to the data acquisition process. It states that to
adequately capture a function at a frequency of f , a sampling frequency of 2f or greater is required.
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Chapter 4
Calibration and Testing
4.1 Calibration
The calibration process was carried out in the manner described in Reference [2]. A frame (Figure
4.1) was created to apply the loads to the balance. The results are shown in Figures 4.2 through 4.7,
and the complete set of calibration data is available in Appendix B. The trends defined in Figures
4.2 through 4.7 are based on both the postive and negative calibration data together. The equations
shown in the upper right corner of each figure define the trend line for each component data set,
where the constant is the value required for Equation 1.4. Ideally, at the maximum load, the output
voltage for the load cell for the component specifically being loaded should approach 10V while the
five remaining load cell output voltages should almost be zero.
The lift load output (Figure 4.4) is showing exactly what is desired. The output under full load
is almost zero and lift seems to be sufficiently decoupled from the other load components. Figure
4.2 shows the response of the drag load cell to an applied drag load. While the drag component
seems to be adequately decoupled from the other load components, it will only producing about half
of the desired output at full load.
Similar to drag, the side force load cell would also appear to be adequately decoupled from the
other load components, but still only producing a fraction of the desired output. The output from
side force (Figure 4.3) is somewhat less than the drag load cell produces for the same load. The
coupling between side force and the other two force components also appears to be more significant
than what is seen with drag. This is likely due to the turnbuckle ball bearing rod ends favoring
rotation in one direction and the location and arrangement of the linear bearings used to support
the superstructure against rotation. The linear bearing aligned in the drag direction has its axis
pass through the center of the balance, while the bearing aligned in the side force direction is offset
from the center of the balance by several inches. This is not the most ideal arrangement, but was
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Figure 4.1: Calibration and Testing Load Frame
the only viable and cost effective solution to the problem.
There is some coupling between roll and yaw (Figure 4.5). This coupling is less significant under
an applied roll load. The expected maximum output under a full rolling moment is approximately
a quarter of what is desired. This may be due to both yaw-roll coupling and the stiffness in the
flexures supporting the cradle.
Pitch, like the lift component, shows almost no coupling to the other components and has an
output around three quarters of the desired amount. Finally, the yaw component seems to present
the most issues. There is strong coupling between yaw and all the other components except lift and
drag, the most significant of which is roll. It may be advisable to replace the roll load cell with
one with a greater loading capacity to compensate. The current load cell has a capacity of 0.25
lbs. There is also significant coupling with side force, probably a consequence of arrangement of the
linear bearings discussed previously in this section.
K =

−9.273 0.692 −0.222 0.019 0.003 0.032
−0.375 −6.168 −0.171 0.021 0.000 −0.834
0.029 −0.641 −4.712 −0.043 −0.004 0.017
0.062 −0.153 −0.004 −0.686 −0.008 3.325
0.030 0.061 0.037 −0.024 −0.994 0.144
0.005 0.030 0.005 −0.141 0.003 −0.933

(4.1)
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Figure 4.2: Component Calibration Constant Plots under Drag Loading
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Figure 4.3: Component Calibration Constant Plots under Side Force Loading
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Figure 4.4: Component Calibration Constant Plots under Lift Loading
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Figure 4.5: Component Calibration Constant Plots under Roll Loading
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Figure 4.6: Component Calibration Constant Plots under Pitch Loading
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Figure 4.7: Component Calibration Constant Plots under Yaw Loading
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κ(K) = 29.4 (4.2)
The matrix K (Equation 4.1) is generated using both the positive and negative calibration data
together, while the matrices K+ (Equation 4.3) and K− (Equation 4.5) are calibration matrices are
based on only the positive and only the negative data, respectively. Equations 4.2, 4.4 and 4.6 are
the condition numbers for each matrix. It is clear that there are differences between the positive and
negative sets of data. The largest differences along the diagonals occur with LL and RR with percent
differences of 4.5% and 9.5%, respectively. These differences would seem to indicate some degree of
hysteresis, however with a system as complicated as the balance it may be incorrect to attribute the
differences to hysteresis alone. Some of the difference may also be due to slight misalignments in the
system that are impossible to measure and correct. Using separate matrices may increase the accu-
racy of the data. The data acquistion software WINDT2011 is set up to use either a single matrix, K,
or two separate matrices, K+ and K−, as a selectable option prior to starting the acquisition process.
K+ =

−9.307 0.630 −0.123 0.025 0.000 0.061
−0.249 −6.187 −0.067 0.024 −0.006 −0.822
0.028 −0.869 −4.607 −0.053 −0.001 0.015
−0.028 −0.122 −0.000 −0.719 −0.005 3.234
0.047 0.057 0.032 −0.029 −1.005 0.138
0.032 0.034 0.006 −0.135 0.003 −0.921

(4.3)
κ(K+) = 29.1 (4.4)
K− =

−9.240 0.753 −0.320 0.013 0.006 0.003
−0.501 −6.150 −0.275 0.017 0.007 −0.847
0.030 −0.414 −4.816 −0.032 −0.006 0.019
0.151 −0.183 −0.008 −0.653 −0.012 3.416
0.013 0.064 0.042 −0.020 −0.982 0.149
−0.022 0.026 0.003 −0.147 0.003 −0.946

(4.5)
κ(K−) = 29.8 (4.6)
47
4.2 Accuracy and Precision
To determine the accuracy and precision of the instrument, each component was loaded individually
in both directions. The resulting data is available in Appendix C, and Appendix D has frequency
and normal distributions for each component. Tables 4.1 and 4.2 contain a summary of the results.
Table 4.1 has the results for individual loadings to examine each component independently and 4.2
has the results for a very common combined loading condition.
Examining the individual loading test results, it is clear that the accuracy of the results for the
moment components, while a bit higher less than desired, is reasonably acceptable. The accuracy
for the force components is not based on the parameters defined by Reference [7]. However, given
the magnitude of the loads, the accuracy may be acceptable (Reference [9]). In general, roll, pitch
and yaw seem to be measuring the applied moment loads within 1.5% of the actual values, regardless
of the direction of the load or the matrix used. The only exception to this occurred with negative
roll. At the same time, drag, side force and lift range from 1.5% to 8.6%. It is worth noting that
there is a marked improvement for the lift measurement by switching from the combined matrix
to the directional matrices. Reference [7] does provide a possible explanation for this issue. New
and repaired balances may require several load cycles to settle before giving the desired level of
repeatability. It may be possible that the balance settled a little during the calibration process.
Further testing would be required to determine if this is the case. The combined load testing results
in Table 4.2 have similar values for overall accuracy. It is important to note that the accuracy of
the balance is based almost entirely on the quality of the calibration process and its results. Every
effort was made to ensure that the loads were applied accurately and precisely.
The precision of the balance is defined by the largest standard deviation for a particular com-
ponent. Ninety-five percent of the data will fall within ±2σ. Referring to Table 4.3, it is clear that
the balance is unfortunately not performing at the desired level. The reader will note that there
are two sets of percentages for the balance precision column. The values within the brackets are
referenced to the capacities of the load cells used in the balance, while the values in the parentheses
are referenced to the recommended maximum loads calculated using Reference [7]. These values are
given in Table 2.1. The reason both sets of percentages are given returns to concept of meaningful
data. Clearly, the first set based on the actual load cells would be the values published in any
literature to accompany the balance for the user, but the second set can be used to determine if the
original goal of this thesis was accomplished, and to what degree. Further
It is clear that the moment values in Table 4.3 are relatively close to the desired degree of
precision defined by Reference [7], despite being a bit high. The precision for the forces, however,
is not as good. It is likely that this is due to the use of bearings in the system, a problem that the
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Table 4.3: Precision
Component Units Design1 Load Cell2 Balance3
Drag [lbs] ±0.0023 [0.25%] ±0.0013 [0.25%] ±0.018 [3.60%]4 (2.00%)5
Side Force [lbs] ±0.0023 [0.25%] ±0.0013 [0.25%] ±0.010 [2.00%]4 (1.11%)5
Lift [lbs] ±0.0090 [0.25%] ±0.0050 [0.25%] ±0.030 [1.50%]4 (0.83%)5
Roll [in-lbs] ±0.0087 [0.25%] ±0.0097 [0.25%] ±0.022 [0.63%]4 (0.63%)5
Pitch [in-lbs] ±0.0144 [0.25%] ±0.0191 [0.25%] ±0.030 [0.52%]4 (0.52%)5
Yaw [in-lbs] ±0.0087 [0.25%] ±0.0125 [0.25%] ±0.026 [0.75%]4 (0.75%)5
1 Values are from the initial design calculations stated in Section 2.1.3, Table 2.1
2 Values are from the capabilities of the final load cell selections for the balance stated in Section 2.2.3, Table 2.4
3 Load values are two standard deviations of most conservative value listed in Table 4.1
4 The bracketed values are a percentage of actual component load cell capacity
5 The values within the parentheses are a percentage of calculated maximum loads from 2.1.3, Table 2.1
moment load paths are less susceptible to by virtue of the balance design. Returning to a statement
made in the previous section, it is possible that the balance precision may improve after several
loading cycles as the balance settles. Again, like the accuracy, further testing would be required to
determine if this is in fact the case. The condition numbers in Equations 4.2, 4.4 and 4.6, and the
figures in Appendix D should provide a useful starting point for such an examination.
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Chapter 5
Balance Operation
The operation of the balance is very similar to the operation of the AEROLAB pyramidal balance
currently in use with the 30” × 40” tunnel in the Wind Tunnel Lab, and any user already acquainted
with the AEROLAB balance system should have no trouble using the balance produced by this
project. However, there is some general information regarding the operation and care of balance
that the user should know prior to use of the balance. This chapter outlines the necessary information
for the user.
5.1 Mechanical Information
During normal use, the user should only have direct physical contact with the balance strut and
mount. The typical user should not handle the balance superstructure or base unless there is reason
to do so and has been approved by the Wind Tunnel Lab Supervisor.
5.1.1 Balance Strut and Mounting Plate
The balance strut (Figure 2.7a) is anchored to the balance through the center collar by two #6-32
flat point set screws. These will require a 1/16
th
hex wrench to tighten. The pitch actuator is
connected to the secondary strut shaft with a knurled turnbuckle. Unlike the AEROLAB balance
system used with the 30” × 40” tunnel, there is no easily accessable potentiometer to zero the pitch
digital readout on the front panel of the data acquisition chassis. Thus the user must ensure that
the secondary strut is tightened in such a manner that the mounting plate is level.
A fairing should always be used during during the data acquisition process. The loads generated
on the unshielded strut can be sufficient in magnitude to have a detrimental effect on the quality
of the measuring process. It is also important to ensure that the balance strut is not in contact
with any other bodies, especially during the data acquisition process. Allowing the strut to come in
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contact with another body, such as the tunnel floor, will create a new load path, leading to erroneous
data.
The dimensional specifications for the mounting plate are shown in Appendix A, Figure A.2. The
holes are clearance holes for #6 screws. The user should only use socket head screws for securing
models to the balance. Hex wrenches are the only tools that will have sufficient clearance for the
user to properly align the drive with the screw. Drives with large handles like philips and flat head
screw drivers will be difficult to align properly leading the possibility of striping the screw or the
user striking the balance strut with an undesireable amount of force.
5.1.2 Actuators
As stated in Chapter 2, the balance has two actuators to adjust model orientation. The controls are
clearly labeled on the front panel of the data acqusition chassis. The balance has sufficient clearance
to allow for ±20◦ off of the center line. Microswitches were installed and tuned to stop the actuators
from exceeding the maximum deflection. The angle of the mounting plate is displayed on the front
panel of the data acquisition chassis. It is recommended that any experiment that requires acquiring
data at several orientations start at one extreme and incriment towards the other extreme. This
will help eliminate the uncertainty in the measured angle caused by backlash in gear assemblies.
5.1.3 Load Cell Protection
Each load cell is protected against excessive loads by two oval point set screws used as mechanical
stops. The screws are carefully positioned to support each sensor at the load cell’s maximum positive
and negative loads. Loctite ThreadLocker holds the set screws in position. Figure 5.1 shows the
mechanical stops for the lift load cell.
5.2 Transporting the Balance
One of the original design criteria for the balance was mobility. The balance can be carefully moved
short distances without additional protection so testing that is better suited outside the tunnel test
section can be conducted. However, for extended transport or storage, additional safe guards built
into the balance should be employed to protect the most fragile components. The first of these is
a bridge (Figure 5.2) that connects the left lift lever plate to the right level plate with two #6-32 -
0.5” socket head screws. Socket head screws should be used to secure the bridge; there is insufficient
clearance to use a philips or flat head screw driver to tighten the screws. The user should then use
the lateral supports (Figure 5.3) to support the balance superstructure against drag and side force
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Figure 5.1: Mechanical Stops
movement. Each of these four supports should be rotated clockwise until they are in contact with
the lower surface of the primary ring, and locked in place with the nut. Finally, the user should
used the set screw mechanical stops to lock each load cell in place to completely restrict movement.
During this process, it is advisable to use LABVIEW to ensure that the load cell deflections remain
as close to neutral as possible.
Figure 5.2: Bridge
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Figure 5.3: Lateral Movement Supports
5.3 Maintenance
Only two operations need to done on a reqular basis to properly maintain the balance system;
periodic lubrication and calibration. The exposed bearings of the turnbuckles assemblies supporting
the superstructure should be generously lubricated regularly. The only lubricant used should be
3-in-One Oil. Synthetic lubricants will have a detrimental effect on the overall balance performance.
Failure to regularly lubricate will have a detrimental effect on the overall balance performance.
Finally, the balance should also be regularly calibrated to ensure that the calibration constants are
up to date. Failure to do so will have a detrimental effect on the accuracy of the measured loads.
5.4 Software and Electronics Information
As described in Chapter 3, the data acquisition system consists of two components; a hardware
components and a software component. This section is intended to describe how the user can
interface with the system. The user should refer to Chapter 3 for specifics on how the data acquisition
system is setup and carries out the acquisition and reduction process.
5.4.1 Data Acquisition System Software
Along with the main .vi file, WINDT2011, and the seven subroutine .vi files, AVERAGE, CALCULATIONS,
NONDIMENSIONALIZE, REACQUIRE, RESULTS, TEXT and WRITE, three aditional text files should exist in
the main program folder prior to running WINDT2011. These files are the calibration matrices files,
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K, K+ and K-. All three files are tab delimited files with the 6 × 6 calibration matrices. WINDT2011
will not run properly if all seven .vi files and the required calibration file(s) defined by the user
options are not present.
User-Defined Parameters
Prior to running the program, WINDT2011, the user must select the testing parameters (Table 5.1).
Several of these parameters will effect how the program measures and calculates the loads and how
the user will be prompted. Similar to the testing parameters are the model parameters; these values
must be filled in prior to starting WINDT2011. The characteristic dimensions are used to calculate
the aerodynamic coefficients, and the moment transfer allow the user to define a point relative
to the balance resolving center about which the aerodynamic moments will be determined. The
moment transfer lengths use the wind axes system convention (Figure 1.8). As WINDT2011 runs,
the user will be automatically prompted on the procedures to follow. The initial sensor readings,
aerodynamic tare, weight tare and final experimental data will be written to file during this process
should the user need an electronic copy.
WINDT2011 Prompts
Once started, the user will encounter several prompts to guide him through the process. These
prompts are outlined as follows. The first prompt has the user prepare the balance for the initial
tare with the following message.
“Ensure the model is not mounted and the tunnel is not running, and the click OK to
take the initial sensor readings.”
The voltage values are saved to a file called zero in the main program folder without prompting
the user. This file is a tab delimited file with the differential pressure sensor voltage followed by
the six load cell voltages. The temperature sensor measurement is absolute rather than differential,
so the voltage is not required. Once the initial tare is saved, the WINDT2011 will proceed to the
aerodynamic tare. Three possible events will occur depending on the user defined testing parameters,
Aerodynamic Tare and Testing Conditions. If the user has chosen to use Static Testing Conditions,
WINDT2011 will skip the aerodynamic tare process without prompting the user. If Dynamic Testing
Conditions are selected, the user will recieve one of the following two messages depending on the
Aerodynamic Tare option;
“You have chosen to generate a new aerodynamic tare. Ensure the model is not mounted
and begin running the tunnel, and then click OK to take the aerodynamic tare. You will
be prompted to save the tare to file after the data has been taken.”
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Table 5.1: WINDT2011 Testing Parameters
Parameter Options Notes
Aerodynamic Tare New Tare A new aerodynamic tare will be generated
Old Tare An old aerodynamic tare will be used
Weight Tare New Tare A new weight tare will be generated
Old Tare An old weight tare will be used
Testing Conditions Dynamic The experiment will be conducted with
the tunnel on and running
Static The experiment will be conducted with
the tunnel off
Calibration Matrices K WINDT2011 uses the K Matrix
K+ & K- WINDT2011 uses both the K+ or K−
Coefficients Checked Coefficients will be calculated
Unchecked Coefficients will not be calculated
Configurations Positive Integer The number of configurations to be tested
Samples Positive Integer The number of samples per configuration
Sampling Frequency Positive Real Sampling frequency in samples per second
Test Title Character String Title will be written at the top of the data file
or
“You have selected to load an old aerodynamic tare. You will now be prompted to load a
previously generated aerodynamic tare file.”
If a new tare is generated, the user will be prompted to save the tare to file. If the option to
use an old tare is chosen, the user will be prompt recieve a prompt to browse to the appropriate
file. Once the aerodynamic tare is handled, WINDT2011 will proceed to the weight tare. Similar
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to Aerodynamic Tare option, the user is allowed to either generated a new weight tare or load an
existing weight tare depending on the Weight Tare option selection. If the user chooses to generate
a new weight tare, the following message prompt will appear.
“You have chosen to generate a new weight tare. Ensure the model is mounted and the
tunnel is not running, and then click OK to take the weight tare. You will be prompted
to save the tare to file after the data has been taken.”
This message will be followed by the message;
“Set the model into Configuration (i) and then click OK to take data.”
This message will repeat until WINDT2011 has taken a weight tare for each configuration defined by
the user in Configuration option, allowing the user to change the model configuration or orientation.
Once completed, the user will be prompted to save the weight tare to file. If the user chose to load
an existing weight tare file, the program will prompt the user with the following message and a
prompt to browse to the appropriate file.
“You have selected to load an old weight tare. You will now be prompted to load a
previously generated weight tare file.”
Once all the tares have been acquired, WINDT2011 will begin the experimental data acquisition
process. The user will recieve the following message;
“Start running the tunnel and click OK to begin taking experimental data.”
followed by;
“Set the model into Configuration (i) and then click OK to take data.”
Similar to the weight tare process, this message will repeat, incrimenting the index (i), until the
every configuration is tested. Prior to proceeding the next index in sequence, the user is given the
option to re-test the current configuration if a testing error has occured. The user must confirm
that he wishes to proceed to the next configuration when the following message appears.
“Re-test and overwrite current configuration results?”
If the user chooses to reaquire results for the current configuration, the results already taken for the
current configuration will be discarded, and the user will recieve the following prompt.
“Click OK to reacquire data for the Current Configuration.”
Once every configuration has been successfully tested, WINDT2011 will prompt the user to save
the data to file and finish running.
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5.4.2 Channels
The balance data acquisition system is setup with the following channel assignments. The user
should ensure that the cables from the load cells are connected to the proper connectors, designated
by labels, on the rear panel of the data acquisition chassis. This is only a concern for the load cells
because all six connectors are identical. The connectors for the temperature and differential pressure
sensors are dissimilar from each other and the load cell connectors so a mistake cannot be made.
Table 5.2: Channels
Channel Sensor
1 Temperature
2 Dynamic Pressure
3 Drag
4 Side Force
5 Lift
6 Roll
7 Pitch
8 Yaw
5.4.3 Potentiometers
The data acquisition chassis has two rows of six potentiometers each on the front panel that allow
the user to adjust zero for the load cells. The upper row of poteniometers are vierner and the
lower row are coarse. The output for each load cell was zeroed mechanically during initial assembly.
Over time, the zero for the load cells may shift, requiring the use of the potentiometers. The user
should take care not to adjust the zero significantly without cause; the data acquisition module, the
USB-6210, has a maximum analog input voltage of ±10V. At large enough loads and an improperly
adjusted zero, this maximum can easily be exceeded and provide the user with erroneous data.
5.5 Resources and Repairs
In the event a flexure should fail, accurately dimensioned engineering sketches of both types of
flexures are available in Appendix A. If any other component should need replacement, a copy of
the CAD drawings is kept on file on the data acquisition system computer. The user should ask
for the help of Laboratory Supervisor William Russo to fabricate replacement components. In the
event the electronics fail, wiring diagrams of the electronics are available in Appendix E, and a copy
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is kept within the chassis itself. The user should ask for the help of Electrical Engineer Mike Potash
to correct any issues.
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Chapter 6
Conclusions
It is clear from the results presented in Chapter 4 that the balance performance does not meet the
recommended levels of accuracy and precision by Reference [7]. However, considering the low mag-
nitude of the applied loads and Reference [9], the final performance may be considered acceptable.
As mentioned in Chapter 4, the performance may improve after several loading cycles. Currently,
the moment components perform much closer to the recommended levels than the force compo-
nents, both in terms of accuracy and precision. It may be possible to improve the output from these
sensors by making the truss flexure regions thinner. This may not be advisable if the balance were
to continue to be used regularly for instructional purposes. It may also be possible to develop a
mechanism to reliably decouple the roll and yaw moment load paths.
The quality of the force measurement is likely a consequence of using bearings instead of flexures
at pivot points. However, as stated in Chapter 2, using flexures for would reduce the longevity of the
balance. If the quality of the drag and side force measurements do not improve with use, replacing
these two load cells with 0.25 lb capacity load cells may be advisable. Figures 4.2 and 4.3 show
that the output for both these load cells is only half of the expected output, so it would be possible
to use a lower capacity sensor to increase the output, and the measurement in general. Changing
these two load cells would be relatively inexpensive and simple task. Unfortunately, the same is not
possible with the lift load cell. It is already providing close to the maximum voltage output at its
full scale load. Given the overall design, the lift load measurement will always suffer from friction
effects due to the use of bearings unless significant changes are made to the balance.
Returning to the original goal of creating a balance that can produce meaningful data for micro
aerial vehicles, it appears at this time that the goal was not fully achieved to the author’s satisfaction.
There is a room for improvement. Additional testing should be done in the future to determine if the
balance improves as Reference [7] suggests, and determine if any of the suggestions in this chapter
are worth pursuing.
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Appendix A
Balance Schematics
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Appendix B
Calibration Data
67
B.1 Thrust/Drag Calibration Data
Table B.1: Thrust Calibration Data
Load Thrust Side Lift Roll Pitch Yaw
0.000 -0.0175 -0.0155 2.6079 0.0952 0.0105 0.0019
0.066 -0.6072 -0.0517 2.6102 0.0825 0.0131 0.0057
0.000 -0.0887 -0.0218 2.6058 0.0921 0.0089 0.0004
0.066 -0.6374 -0.0544 2.6084 0.0802 0.0113 0.0046
0.000 -0.1027 -0.0225 2.6051 0.0897 0.0083 -0.0005
0.066 -0.6079 -0.0605 2.6088 0.0849 0.0111 0.0021
0.000 -0.1055 -0.0274 2.6054 0.0878 0.0070 -0.0016
0.132 -1.1983 -0.0673 2.6114 0.0807 0.0118 0.0032
0.000 -0.1642 -0.0444 2.6045 0.0858 0.0062 -0.0024
0.132 -1.3518 -0.0826 2.6094 0.0782 0.0118 0.0028
0.000 -0.2320 -0.0484 2.6045 0.0850 0.0052 -0.0033
0.132 -1.2629 -0.0794 2.6102 0.0788 0.0106 0.0016
0.000 -0.2238 -0.0502 2.6035 0.0841 0.0045 -0.0039
0.198 -2.0165 -0.0996 2.6090 0.0780 0.0136 0.0024
0.000 -0.2279 -0.0550 2.6025 0.0831 0.0040 -0.0044
0.198 -1.9891 -0.0989 2.6085 0.0772 0.0130 0.0019
0.000 -0.2278 -0.0587 2.6017 0.0827 0.0037 -0.0050
0.198 -1.9990 -0.1043 2.6075 0.0751 0.0143 0.0017
0.000 -0.2363 -0.0619 2.6002 0.0815 0.0040 -0.0057
0.264 -2.7424 -0.1135 2.6069 0.0745 0.0169 0.0024
0.000 -0.2895 -0.0518 2.5992 0.0815 0.0039 -0.0064
0.264 -2.7442 -0.1162 2.6065 0.0751 0.0163 0.0019
0.000 -0.2481 -0.0636 2.5992 0.0804 0.0033 -0.0066
0.264 -2.7506 -0.1100 2.6057 0.0750 0.0162 0.0013
0.000 -0.3061 -0.0567 2.5974 0.0803 0.0035 -0.0071
0.330 -3.5526 -0.1123 2.6055 0.0732 0.0191 0.0030
0.000 -0.3322 -0.0479 2.5965 0.0800 0.0032 -0.0074
0.330 -3.4369 -0.1143 2.6045 0.0740 0.0187 0.0022
0.000 -0.3289 -0.0474 2.5960 0.0790 0.0032 -0.0076
0.330 -3.4393 -0.1158 2.6047 0.0739 0.0185 0.0020
0.000 -0.0865 -0.0546 2.5976 0.0787 0.0016 -0.0078
0.264 -2.7669 -0.1086 2.6038 0.0719 0.0152 0.0004
0.000 -0.2849 -0.0343 2.5957 0.0787 0.0020 -0.0082
0.264 -2.7859 -0.1100 2.6033 0.0709 0.0143 0.0005
0.000 -0.2887 -0.0414 2.5955 0.0780 0.0020 -0.0084
0.264 -2.7728 -0.1114 2.6031 0.0712 0.0144 0.0001
0.000 -0.2753 -0.0408 2.5950 0.0782 0.0016 -0.0087
0.198 -2.0957 -0.1035 2.6004 0.0718 0.0105 -0.0020
0.000 -0.3050 -0.0400 2.5942 0.0777 0.0014 -0.0090
0.198 -2.1045 -0.1034 2.6001 0.0723 0.0103 -0.0026
0.000 -0.2867 -0.0446 2.5937 0.0779 0.0007 -0.0093
0.198 -2.0966 -0.1015 2.6002 0.0719 0.0097 -0.0027
0.000 -0.3026 -0.0433 2.5939 0.0779 0.0007 -0.0096
0.132 -1.4205 -0.1004 2.5992 0.0732 0.0067 -0.0048
0.000 -0.3087 -0.0434 2.5946 0.0780 0.0006 -0.0100
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Table B.1 – continued from previous page
Load Thrust Side Lift Roll Pitch Yaw
0.132 -1.4527 -0.0970 2.5994 0.0747 0.0058 -0.0058
0.000 -0.3087 -0.0434 2.5953 0.0790 0.0001 -0.0107
0.132 -1.4029 -0.0995 2.6004 0.0748 0.0053 -0.0067
0.000 -0.3011 -0.0451 2.5942 0.0780 -0.0001 -0.0120
0.066 -0.8381 -0.0983 2.5948 0.0739 0.0031 -0.0092
0.000 -0.3064 -0.0471 2.5919 0.0772 -0.0002 -0.0122
0.066 -0.8249 -0.1002 2.5940 0.0742 0.0026 -0.0095
0.000 -0.3082 -0.0497 2.5907 0.0767 -0.0004 -0.0125
0.066 -0.8173 -0.1034 2.5927 0.0730 0.0023 -0.0098
Table B.2: Drag Calibration Data
Load Drag Side Lift Roll Pitch Yaw
0.000 -0.1400 -0.0839 2.5885 0.0398 -0.0311 -0.0136
0.066 0.4482 -0.0540 2.5859 0.0309 -0.0322 -0.0109
0.000 -0.0632 -0.0730 2.5901 0.0431 -0.0297 -0.0118
0.066 0.5022 -0.0444 2.5873 0.0339 -0.0319 -0.0094
0.000 -0.0402 -0.0662 2.5911 0.0447 -0.0284 -0.0109
0.066 0.5164 -0.0408 2.5887 0.0373 -0.0314 -0.0085
0.000 -0.0314 -0.0624 2.5921 0.0476 -0.0275 -0.0100
0.132 1.1846 0.0100 2.5888 0.0275 -0.0291 -0.0063
0.000 0.0346 -0.0354 2.5941 0.0485 -0.0262 -0.0087
0.132 1.2125 0.0157 2.5916 0.0310 -0.0276 -0.0048
0.000 0.0512 -0.0294 2.5965 0.0502 -0.0248 -0.0072
0.132 1.1561 0.0179 2.5920 0.0316 -0.0267 -0.0040
0.000 0.0536 -0.0273 2.5979 0.0492 -0.0238 -0.0065
0.198 1.8706 0.0634 2.5922 0.0255 -0.0272 -0.0031
0.000 0.0406 -0.0179 2.5993 0.0550 -0.0251 -0.0060
0.198 1.8622 0.0680 2.5932 0.0274 -0.0264 -0.0022
0.000 0.0861 -0.0103 2.6010 0.0544 -0.0242 -0.0051
0.198 1.8719 0.0667 2.5950 0.0274 -0.0275 -0.0018
0.000 0.0720 -0.0106 2.6015 0.0559 -0.0237 -0.0049
0.264 2.5195 0.1330 2.5940 0.0151 -0.0273 0.0006
0.000 0.1133 -0.0033 2.6040 0.0553 -0.0234 -0.0045
0.264 2.5052 0.1308 2.5950 0.0144 -0.0271 0.0014
0.000 0.1344 0.0039 2.6077 0.0560 -0.0220 -0.0031
0.264 2.5665 0.1405 2.5993 0.0155 -0.0261 0.0028
0.000 -0.0787 -0.0370 2.6064 0.0583 -0.0224 -0.0029
0.330 3.2421 0.1925 2.6018 0.0107 -0.0266 0.0033
0.000 0.1389 0.0068 2.6121 0.0583 -0.0219 -0.0027
0.330 3.2103 0.1878 2.6023 0.0099 -0.0265 0.0039
0.000 0.1560 0.0105 2.6131 0.0579 -0.0213 -0.0022
0.330 3.2374 0.1906 2.6032 0.0094 -0.0267 0.0044
0.000 0.1640 0.0090 2.6140 0.0579 -0.0214 -0.0017
0.264 2.6806 0.1542 2.6062 0.0121 -0.0252 0.0057
0.000 0.1681 0.0160 2.6148 0.0593 -0.0216 -0.0014
0.264 2.6365 0.1497 2.6066 0.0144 -0.0242 0.0055
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Table B.2 – continued from previous page
Load Drag Side Lift Roll Pitch Yaw
0.000 0.1714 0.0160 2.6161 0.0595 -0.0210 -0.0011
0.264 2.6101 0.1494 2.6075 0.0155 -0.0243 0.0057
0.000 0.1775 0.0215 2.6159 0.0629 -0.0210 -0.0007
0.198 1.9397 0.0932 2.6094 0.0326 -0.0229 0.0037
0.000 0.1817 0.0236 2.6171 0.0630 -0.0204 -0.0005
0.198 1.8945 0.0826 2.6095 0.0350 -0.0221 0.0036
0.000 -0.0431 -0.0203 2.6140 0.0646 -0.0197 -0.0001
0.198 1.8814 0.0846 2.6092 0.0350 -0.0218 0.0039
0.000 0.1403 0.0195 2.6169 0.0649 -0.0197 0.0006
0.132 1.3280 0.0560 2.6089 0.0447 -0.0209 0.0038
0.000 0.1463 0.0193 2.6134 0.0663 -0.0186 0.0008
0.132 1.2416 0.0569 2.6084 0.0466 -0.0199 0.0041
0.000 0.1479 0.0197 2.6140 0.0675 -0.0182 0.0010
0.132 1.2427 0.0556 2.6092 0.0466 -0.0201 0.0040
0.000 0.1454 0.0201 2.6142 0.0671 -0.0188 0.0012
0.066 0.6305 0.0409 2.6109 0.0548 -0.0200 0.0031
0.000 0.1438 0.0202 2.6142 0.0669 -0.0182 0.0017
0.066 0.6100 0.0395 2.6111 0.0543 -0.0198 0.0036
0.000 0.1392 0.0198 2.6146 0.0657 -0.0181 0.0017
0.066 0.6088 0.0393 2.6114 0.0546 -0.0183 0.0041
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B.2 Side Force Calibration Data
Table B.3: Positive Side Force Calibration Data
Load Drag Side Lift Roll Pitch Yaw
0.000 -0.0133 -0.0024 2.5783 0.0015 -0.0138 -0.0055
0.066 0.0137 -0.3109 2.4885 -0.0045 -0.0105 -0.0034
0.000 -0.0283 0.0179 2.6090 0.0014 -0.0145 -0.0057
0.066 0.0370 -0.3133 2.4865 -0.0049 -0.0110 -0.0035
0.000 -0.0297 0.0081 2.6063 0.0012 -0.0149 -0.0056
0.066 0.0342 -0.3056 2.4831 -0.0049 -0.0115 -0.0035
0.000 -0.0299 0.0060 2.5991 0.0010 -0.0155 -0.0056
0.132 0.0596 -0.7003 2.4076 -0.0153 -0.0079 -0.0016
0.000 -0.0313 -0.0246 2.6143 0.0000 -0.0153 -0.0058
0.132 0.0510 -0.7776 2.4136 -0.0154 -0.0083 -0.0019
0.000 -0.0340 -0.0245 2.5902 0.0000 -0.0159 -0.0061
0.132 0.0459 -0.7420 2.4125 -0.0175 -0.0081 -0.0013
0.000 -0.0272 -0.0421 2.5932 -0.0001 -0.0157 -0.0061
0.198 0.0839 -1.1535 2.3869 -0.0235 -0.0043 -0.0005
0.000 -0.0295 -0.0353 2.6142 -0.0003 -0.0161 -0.0062
0.198 0.0826 -1.1813 2.3774 -0.0247 -0.0042 -0.0005
0.000 -0.0318 -0.0560 2.5887 -0.0001 -0.0158 -0.0063
0.198 0.0792 -1.1909 2.3814 -0.0279 -0.0040 0.0000
0.000 -0.0323 -0.0317 2.6080 -0.0018 -0.0158 -0.0059
0.264 0.1381 -1.5411 2.3932 -0.0326 -0.0015 0.0037
0.000 -0.0298 0.0772 2.5742 -0.0027 -0.0161 -0.0058
0.264 0.1432 -1.5423 2.3968 -0.0346 -0.0012 0.0036
0.000 -0.0218 0.0824 2.6220 -0.0034 -0.0165 -0.0058
0.264 0.1346 -1.4878 2.3658 -0.0350 -0.0006 0.0025
0.000 -0.0261 0.0826 2.6039 -0.0040 -0.0160 -0.0057
0.330 0.1753 -2.2058 2.3957 -0.0422 0.0032 0.0068
0.000 -0.0318 0.0906 2.5820 -0.0032 -0.0160 -0.0055
0.330 0.1815 -2.1826 2.3813 -0.0396 0.0032 0.0061
0.000 -0.0280 0.0950 2.5944 -0.0038 -0.0163 -0.0057
0.330 0.1814 -2.1504 2.3810 -0.0420 0.0030 0.0065
0.000 -0.0325 0.0735 2.5893 -0.0041 -0.0159 -0.0054
0.264 0.1457 -1.5556 2.4065 -0.0371 -0.0015 0.0040
0.000 -0.0302 0.0830 2.6071 -0.0039 -0.0160 -0.0055
0.264 0.1451 -1.5787 2.3975 -0.0360 -0.0011 0.0033
0.000 -0.0285 0.0789 2.6224 -0.0044 -0.0161 -0.0055
0.264 0.1609 -1.7121 2.4157 -0.0344 -0.0017 0.0040
0.000 -0.0293 0.0821 2.6067 -0.0020 -0.0162 -0.0060
0.198 0.0868 -1.0523 2.3929 -0.0304 -0.0044 -0.0006
0.000 -0.0349 0.0771 2.5452 -0.0021 -0.0164 -0.0061
0.198 0.0856 -1.0588 2.3898 -0.0293 -0.0049 -0.0008
0.000 -0.0275 0.0911 2.6160 -0.0025 -0.0167 -0.0062
0.198 0.0876 -1.0769 2.3919 -0.0309 -0.0047 -0.0004
0.000 -0.0305 0.0813 2.5829 -0.0032 -0.0165 -0.0062
0.132 0.0540 -0.6580 2.4266 -0.0241 -0.0095 -0.0017
0.000 -0.0242 0.0792 2.5875 -0.0034 -0.0169 -0.0063
0.132 0.0442 -0.6029 2.4217 -0.0223 -0.0094 -0.0025
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Table B.3 – continued from previous page
Load Drag Side Lift Roll Pitch Yaw
0.000 -0.0315 0.0932 2.5815 -0.0035 -0.0167 -0.0063
0.132 0.0385 -0.5827 2.4078 -0.0212 -0.0096 -0.0027
0.000 -0.0290 0.0948 2.5898 -0.0031 -0.0171 -0.0063
0.066 0.0199 -0.2323 2.4826 -0.0120 -0.0136 -0.0045
0.000 -0.0282 0.0833 2.5891 -0.0040 -0.0173 -0.0064
0.066 0.0156 -0.2471 2.4876 -0.0121 -0.0139 -0.0044
0.000 -0.0283 0.0791 2.5856 -0.0044 -0.0174 -0.0065
0.066 0.0207 -0.2327 2.4756 -0.0124 -0.0137 -0.0047
Table B.4: Negative Side Force Calibration Data
Load Thrust Side Lift Roll Pitch Yaw
0.000 -0.0760 0.0232 2.5997 -0.0247 -0.0199 -0.0153
-0.066 -0.1119 0.4461 2.6092 -0.0117 -0.0237 -0.0171
0.000 -0.0341 0.0947 2.5893 -0.0240 -0.0200 -0.0155
-0.066 -0.1125 0.4264 2.6090 -0.0130 -0.0235 -0.0172
0.000 -0.0384 0.1001 2.5897 -0.0239 -0.0202 -0.0155
-0.066 -0.1071 0.4336 2.6098 -0.0113 -0.0243 -0.0172
0.000 -0.0328 0.0886 2.5898 -0.0241 -0.0204 -0.0156
-0.132 -0.1622 0.7996 2.6118 0.0022 -0.0282 -0.0189
0.000 -0.0362 0.1139 2.5768 -0.0239 -0.0206 -0.0157
-0.132 -0.1641 0.7827 2.6127 0.0016 -0.0284 -0.0189
0.000 -0.0394 0.1198 2.5771 -0.0246 -0.0207 -0.0157
-0.132 -0.1493 0.8251 2.6107 0.0008 -0.0281 -0.0190
0.000 -0.0423 0.1391 2.5740 -0.0244 -0.0208 -0.0158
-0.198 -0.2035 1.3275 2.6436 0.0143 -0.0331 -0.0204
0.000 -0.0462 0.1862 2.5613 -0.0244 -0.0211 -0.0160
-0.198 -0.1933 1.3568 2.6366 0.0162 -0.0338 -0.0212
0.000 -0.0508 0.1615 2.5559 -0.0240 -0.0213 -0.0163
-0.198 -0.1942 1.3708 2.6375 0.0156 -0.0337 -0.0214
0.000 -0.0539 0.1587 2.5545 -0.0239 -0.0215 -0.0165
-0.264 -0.2393 1.8743 2.6580 0.0271 -0.0378 -0.0238
0.000 -0.0403 0.2275 2.5513 -0.0246 -0.0212 -0.0168
-0.264 -0.2392 1.8972 2.6547 0.0282 -0.0388 -0.0242
0.000 -0.0457 0.2440 2.5499 -0.0246 -0.0215 -0.0169
-0.264 -0.2379 1.8890 2.6585 0.0273 -0.0385 -0.0240
0.000 -0.0460 0.2542 2.5483 -0.0247 -0.0214 -0.0170
-0.330 -0.2713 2.4429 2.7069 0.0413 -0.0434 -0.0264
0.000 -0.0361 0.2728 2.5438 -0.0233 -0.0220 -0.0171
-0.330 -0.2605 2.3715 2.7066 0.0329 -0.0436 -0.0254
0.000 -0.0276 0.2935 2.5411 -0.0238 -0.0220 -0.0171
-0.330 -0.2601 2.4229 2.7012 0.0331 -0.0436 -0.0255
0.000 -0.0443 0.2695 2.5373 -0.0241 -0.0219 -0.0170
-0.264 -0.2337 1.9331 2.6471 0.0206 -0.0386 -0.0236
0.000 -0.0454 0.2813 2.5363 -0.0241 -0.0217 -0.0171
-0.264 -0.2169 1.9565 2.6481 0.0231 -0.0391 -0.0238
0.000 -0.0396 0.3004 2.5377 -0.0232 -0.0217 -0.0172
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Table B.4 – continued from previous page
Load Thrust Side Lift Roll Pitch Yaw
-0.264 -0.2208 1.9598 2.6429 0.0223 -0.0390 -0.0238
0.000 -0.0419 0.2891 2.5353 -0.0232 -0.0218 -0.0172
-0.198 -0.2115 1.4168 2.6219 0.0115 -0.0339 -0.0221
0.000 -0.0451 0.2660 2.5361 -0.0237 -0.0209 -0.0171
-0.198 -0.2111 1.4039 2.6244 0.0104 -0.0338 -0.0220
0.000 -0.0465 0.2551 2.5349 -0.0237 -0.0208 -0.0171
-0.198 -0.2047 1.4445 2.6212 0.0104 -0.0335 -0.0221
0.000 -0.0534 0.2227 2.5350 -0.0236 -0.0206 -0.0170
-0.132 -0.1855 0.9163 2.5748 -0.0018 -0.0290 -0.0201
0.000 -0.0440 0.2363 2.5355 -0.0236 -0.0205 -0.0169
-0.132 -0.1811 0.9350 2.5753 -0.0017 -0.0291 -0.0201
0.000 -0.0454 0.2527 2.5362 -0.0240 -0.0203 -0.0170
-0.132 -0.1788 0.9413 2.5757 -0.0020 -0.0289 -0.0200
0.000 -0.0458 0.2596 2.5359 -0.0231 -0.0206 -0.0170
-0.066 -0.1306 0.5111 2.5552 -0.0128 -0.0250 -0.0183
0.000 -0.0475 0.2483 2.5373 -0.0220 -0.0207 -0.0168
-0.066 -0.1233 0.5310 2.5567 -0.0123 -0.0250 -0.0185
0.000 -0.0480 0.2555 2.5370 -0.0228 -0.0202 -0.0169
-0.066 -0.1230 0.5217 2.5565 -0.0124 -0.0249 -0.0185
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B.3 Lift Calibration Data
Table B.5: Positive Lift Calibration Data
Load Thrust Side Lift Roll Pitch Yaw
0.000 0.0002 -0.0033 0.0474 -0.0691 -0.0442 -0.0154
0.220 0.0007 -0.0369 -0.8638 -0.0734 -0.0395 -0.0153
0.000 -0.0157 -0.0077 -0.0938 -0.0697 -0.0440 -0.0159
0.220 -0.0025 -0.0363 -0.8741 -0.0739 -0.0397 -0.0153
0.000 -0.0172 -0.0091 -0.0875 -0.0705 -0.0438 -0.0160
0.220 -0.0035 -0.0368 -0.8665 -0.0742 -0.0402 -0.0157
0.000 -0.0195 -0.0118 -0.1057 -0.0712 -0.0440 -0.0163
0.440 -0.0722 -0.0612 -2.0187 -0.0700 -0.0312 -0.0132
0.000 -0.0387 0.0207 0.0139 -0.0710 -0.0450 -0.0165
0.440 -0.0989 -0.0402 -2.2269 -0.0691 -0.0314 -0.0135
0.000 -0.0608 0.0318 -0.1404 -0.0713 -0.0442 -0.0165
0.440 -0.0842 -0.0551 -2.0335 -0.0694 -0.0322 -0.0139
0.000 -0.0644 0.0305 -0.1428 -0.0726 -0.0437 -0.0168
0.660 -0.0969 -0.0277 -3.0177 -0.0714 -0.0199 -0.0134
0.000 -0.0408 0.0580 -0.0257 -0.0722 -0.0451 -0.0172
0.660 -0.0995 0.0015 -3.0862 -0.0712 -0.0239 -0.0137
0.000 -0.0506 0.0676 -0.1304 -0.0728 -0.0447 -0.0173
0.660 -0.0962 0.0093 -3.0798 -0.0721 -0.0278 -0.0140
0.000 -0.0589 0.0835 -0.1461 -0.0718 -0.0454 -0.0174
0.880 -0.1547 -0.0015 -4.1041 -0.0722 -0.0193 -0.0120
0.000 -0.0731 0.0822 -0.1698 -0.0728 -0.0453 -0.0176
0.880 -0.1543 -0.0016 -4.1013 -0.0715 -0.0199 -0.0125
0.000 -0.0764 0.0724 -0.1749 -0.0718 -0.0457 -0.0180
0.880 -0.1674 0.0049 -4.1384 -0.0712 -0.0190 -0.0126
0.000 -0.0173 0.0492 -0.1098 -0.0710 -0.0463 -0.0184
1.100 -0.2184 -0.0151 -5.2419 -0.0721 -0.0107 -0.0113
0.000 -0.0358 0.0311 -0.0886 -0.0726 -0.0471 -0.0188
1.100 -0.2311 -0.0313 -5.3304 -0.0721 -0.0069 -0.0113
0.000 -0.0398 0.0245 -0.0588 -0.0725 -0.0475 -0.0188
1.100 -0.2259 -0.0320 -5.3051 -0.0744 -0.0099 -0.0118
0.000 -0.0432 0.0147 -0.0851 -0.0724 -0.0474 -0.0190
0.880 -0.1780 0.0009 -4.2329 -0.0726 -0.0187 -0.0134
0.000 -0.0379 0.0380 -0.0675 -0.0723 -0.0477 -0.0192
0.880 -0.1676 0.0042 -4.2050 -0.0717 -0.0189 -0.0132
0.000 -0.0387 0.0297 -0.0896 -0.0722 -0.0475 -0.0193
0.880 -0.1722 0.0096 -4.1990 -0.0718 -0.0191 -0.0131
0.000 -0.0491 0.0327 -0.1360 -0.0719 -0.0472 -0.0195
0.660 -0.0972 0.0102 -3.1443 -0.0729 -0.0275 -0.0154
0.000 -0.0371 0.0375 -0.1195 -0.0718 -0.0473 -0.0196
0.660 -0.0850 0.0097 -3.1613 -0.0728 -0.0274 -0.0156
0.000 -0.0433 0.0376 -0.0990 -0.0722 -0.0472 -0.0197
0.660 -0.0935 0.0016 -3.2304 -0.0742 -0.0280 -0.0160
0.000 -0.0344 0.0326 -0.0892 -0.0710 -0.0477 -0.0198
0.440 -0.0825 -0.0063 -2.1326 -0.0710 -0.0344 -0.0170
0.000 -0.0388 0.0377 -0.0954 -0.0712 -0.0478 -0.0199
0.440 -0.0840 -0.0133 -2.0873 -0.0706 -0.0344 -0.0170
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Load Thrust Side Lift Roll Pitch Yaw
0.000 -0.0404 0.0279 -0.0871 -0.0717 -0.0478 -0.0200
0.440 -0.0833 -0.0156 -2.0048 -0.0720 -0.0325 -0.0171
0.000 -0.0301 0.0278 -0.0806 -0.0712 -0.0484 -0.0202
0.220 -0.0256 -0.0043 -0.9906 -0.0769 -0.0432 -0.0196
0.000 -0.0344 0.0301 -0.0733 -0.0723 -0.0483 -0.0203
0.220 -0.0293 -0.0001 -0.9775 -0.0784 -0.0436 -0.0200
0.000 -0.0349 0.0287 -0.0907 -0.0721 -0.0484 -0.0204
0.220 -0.0292 -0.0020 -0.9881 -0.0774 -0.0439 -0.0201
Table B.6: Negative Lift Calibration Data
Load Thrust Side Lift Roll Pitch Yaw
0.000 -0.0339 -0.0092 -0.0004 0.0079 0.0013 -0.0047
-0.220 -0.0390 0.0152 0.8563 0.0148 -0.0292 -0.0046
0.000 -0.0289 -0.0091 -0.0213 0.0128 -0.0007 -0.0052
-0.220 0.1021 0.0425 0.9150 0.0217 -0.0376 -0.0062
0.000 0.0498 -0.0053 -0.0210 0.0109 -0.0006 -0.0054
-0.220 0.0209 0.0529 0.8725 0.0083 -0.0285 -0.0078
0.000 0.0179 0.0040 -0.0190 0.0106 -0.0001 -0.0055
-0.440 0.1960 0.1104 2.0428 0.0468 -0.0451 -0.0009
0.000 0.0491 0.0200 -0.0120 0.0148 -0.0015 -0.0060
-0.440 0.1569 0.1238 2.0678 0.0224 -0.0207 -0.0049
0.000 0.0255 0.0073 -0.0074 0.0109 -0.0001 -0.0060
-0.440 0.1101 0.1118 2.0618 0.0372 -0.0209 -0.0022
0.000 0.0279 0.0072 -0.0139 0.0096 0.0004 -0.0060
-0.660 0.2291 0.2252 3.2199 0.0201 -0.0242 -0.0072
0.000 0.0354 0.0020 -0.0278 0.0121 -0.0006 -0.0064
-0.660 0.2695 0.1819 3.1592 0.0326 -0.0299 -0.0051
0.000 -0.0274 -0.0078 -0.0184 0.0132 -0.0009 -0.0067
-0.660 0.2566 0.1849 3.1424 0.0460 -0.0002 -0.0029
0.000 -0.0308 0.0045 -0.0385 0.0134 -0.0012 -0.0067
-0.880 0.2841 0.2538 4.2101 0.0404 -0.0257 -0.0051
0.000 -0.0897 -0.0039 0.0255 0.0113 -0.0003 -0.0067
-0.880 0.2949 0.2633 4.2512 -0.0197 -0.0579 -0.0174
0.000 -0.0603 -0.0158 -0.0223 0.0131 -0.0007 -0.0070
-0.880 0.1318 0.2087 4.2746 0.0366 -0.0304 -0.0063
0.000 -0.0714 -0.0102 -0.0320 0.0132 -0.0014 -0.0072
-1.100 0.2137 0.2938 5.2384 0.0144 -0.0634 -0.0125
0.000 -0.1198 -0.0075 -0.0276 0.0127 -0.0005 -0.0072
-1.100 0.1579 0.2860 5.2615 0.0260 0.0170 -0.0105
0.000 -0.1041 -0.0373 0.0306 0.0105 -0.0011 -0.0074
-1.100 0.2042 0.2553 5.3048 -0.0257 -0.0685 -0.0207
0.000 -0.1309 -0.0163 -0.0279 0.0105 0.0000 -0.0073
-0.880 0.2205 0.2351 4.2958 -0.0095 -0.0456 -0.0164
0.000 0.0255 -0.0578 0.0515 0.0115 -0.0015 -0.0077
-0.880 0.2670 0.2308 4.2895 0.0576 -0.0278 -0.0021
0.000 -0.0906 -0.0263 0.0323 0.0112 -0.0014 -0.0079
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-0.880 0.2018 0.2086 4.3173 -0.0031 -0.0304 -0.0155
0.000 -0.0601 -0.0196 0.0233 0.0100 -0.0011 -0.0077
-0.660 0.1881 0.1909 3.3131 0.0411 -0.0192 -0.0041
0.000 -0.0824 -0.0387 0.0175 0.0116 -0.0022 -0.0081
-0.660 0.2665 0.1896 3.2621 0.0213 -0.0493 -0.0089
0.000 -0.0458 -0.0297 0.0230 0.0082 -0.0012 -0.0080
-0.660 0.2222 0.0910 3.2612 -0.0046 -0.0450 -0.0136
0.000 0.0046 -0.0145 -0.0182 0.0124 -0.0032 -0.0083
-0.440 0.0890 0.0798 2.0692 0.0095 -0.0476 -0.0090
0.000 -0.0141 -0.0355 0.0071 0.0106 -0.0028 -0.0083
-0.440 0.1063 0.0421 2.0731 0.0028 -0.0193 -0.0118
0.000 0.0034 -0.0338 0.0312 0.0112 -0.0033 -0.0085
-0.440 0.1473 0.0743 2.0953 0.0131 -0.0244 -0.0091
0.000 0.0304 -0.0291 0.0209 0.0062 -0.0020 -0.0083
-0.220 0.1581 0.0278 1.0100 0.0043 -0.0007 -0.0101
0.000 0.1019 -0.0391 -0.0063 0.0086 -0.0040 -0.0089
-0.220 0.1522 0.0267 0.9179 0.0078 -0.0149 -0.0097
0.000 0.0931 -0.0302 -0.0129 0.0052 -0.0025 -0.0084
-0.220 0.0921 0.0170 1.0271 0.0114 -0.0117 -0.0089
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B.4 Roll Calibration Data
Table B.7: Positive Roll Calibration Data
Load Thrust Side Lift Roll Pitch Yaw
0.000 0.0184 -0.0438 2.4191 0.0007 -0.0132 -0.0242
0.528 0.0564 -0.0332 2.4095 -0.3868 -0.0328 -0.0936
0.000 0.0262 -0.0318 2.4344 0.0043 -0.0134 -0.0227
0.528 0.0406 0.0030 2.4088 -0.3643 -0.0287 -0.0987
0.000 0.0170 0.0033 2.4346 0.0056 -0.0122 -0.0218
0.528 0.0479 -0.0170 2.4908 -0.3624 -0.0289 -0.0979
0.000 0.0191 0.0000 2.4548 0.0083 -0.0121 -0.0212
1.056 0.0575 0.0201 2.4456 -0.7076 -0.0419 -0.1731
0.000 0.0251 0.0050 2.6225 0.0197 -0.0118 -0.0210
1.056 0.0547 0.0283 2.3875 -0.7035 -0.0406 -0.1728
0.000 0.0273 0.0127 2.6284 0.0270 -0.0116 -0.0213
1.056 0.0579 0.0170 2.4051 -0.6951 -0.0407 -0.1736
0.000 0.0219 0.0142 2.4441 0.0312 -0.0107 -0.0205
1.584 0.0635 0.0499 2.5407 -1.0927 -0.0531 -0.2385
0.000 0.0362 0.0009 2.6613 0.0376 -0.0098 -0.0204
1.584 0.0633 0.0415 2.3526 -1.1012 -0.0528 -0.2344
0.000 0.0142 0.0080 2.4094 0.0395 -0.0095 -0.0199
1.584 0.0633 0.0455 2.3767 -1.1145 -0.0539 -0.2314
0.000 0.0213 0.0207 2.4142 0.0409 -0.0091 -0.0194
2.112 0.0752 0.0541 2.3626 -1.4938 -0.0666 -0.3029
0.000 0.0384 0.0045 2.6034 0.0397 -0.0080 -0.0183
2.112 0.0723 0.0746 2.4760 -1.4940 -0.0675 -0.3028
0.000 0.0141 0.0118 2.4092 0.0412 -0.0075 -0.0182
2.112 0.0751 0.0613 2.5689 -1.4926 -0.0670 -0.3022
0.000 0.0148 0.0174 2.3913 0.0423 -0.0072 -0.0178
2.640 0.0776 0.0595 2.3427 -1.8386 -0.0856 -0.3762
0.000 0.0146 -0.0137 2.3885 0.0392 -0.0061 -0.0171
2.640 0.0783 0.0665 2.3252 -1.8404 -0.0855 -0.3754
0.000 0.0310 0.0001 2.6790 0.0418 -0.0069 -0.0170
2.640 0.0813 0.0695 2.3386 -1.8394 -0.0854 -0.3749
0.000 0.0213 0.0104 2.6694 0.0432 -0.0066 -0.0165
2.112 0.0757 0.0639 2.3560 -1.4937 -0.0668 -0.3001
0.000 0.0268 0.0146 2.6031 0.0426 -0.0039 -0.0155
2.112 0.0729 0.0600 2.3491 -1.4896 -0.0654 -0.2997
0.000 0.0262 0.0096 2.4358 0.0436 -0.0044 -0.0155
2.112 0.0745 0.0592 2.3941 -1.4911 -0.0660 -0.2986
0.000 0.0246 0.0094 2.4507 0.0433 -0.0039 -0.0150
1.584 0.0729 0.0488 2.5501 -1.1320 -0.0499 -0.2222
0.000 0.0228 -0.0007 2.3767 0.0435 -0.0029 -0.0149
1.584 0.0652 0.0570 2.3575 -1.1305 -0.0483 -0.2220
0.000 0.0188 0.0087 2.3886 0.0464 -0.0036 -0.0146
1.584 0.0702 0.0510 2.3784 -1.1321 -0.0478 -0.2220
0.000 0.0311 0.0187 2.4896 0.0467 -0.0020 -0.0140
1.056 0.0634 0.0510 2.3431 -0.6853 -0.0328 -0.1649
0.000 0.0195 0.0085 2.4389 0.0482 -0.0028 -0.0133
1.056 0.0580 0.0499 2.3880 -0.6833 -0.0310 -0.1644
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0.000 0.0249 0.0131 2.5439 0.0480 -0.0024 -0.0131
1.056 0.0639 0.0427 2.3660 -0.6834 -0.0317 -0.1642
0.000 0.0285 0.0214 2.5929 0.0460 -0.0017 -0.0127
0.528 0.0170 0.0597 2.4504 -0.3226 -0.0159 -0.0889
0.000 0.0048 0.0197 2.4553 0.0505 -0.0008 -0.0122
0.528 0.0300 0.0152 2.4489 -0.3206 -0.0138 -0.0888
0.000 0.0094 0.0239 2.4555 0.0473 0.0015 -0.0129
0.528 0.0259 0.0336 2.4512 -0.3231 -0.0141 -0.0904
Table B.8: Negative Roll Calibration Data
Load Thrust Side Lift Roll Pitch Yaw
0.000 0.0151 -0.0203 2.5168 -0.0148 -0.0032 -0.0108
-0.528 0.0008 -0.0308 2.4580 0.3369 0.0055 0.0704
0.000 0.0049 -0.0263 2.4483 -0.0171 -0.0034 -0.0119
-0.528 -0.0032 -0.0303 2.4494 0.3314 0.0057 0.0702
0.000 0.0025 -0.0267 2.4412 -0.0176 -0.0043 -0.0120
-0.528 0.0070 -0.0234 2.5635 0.3271 0.0045 0.0700
0.000 0.0071 -0.0265 2.4628 -0.0228 -0.0051 -0.0125
-1.056 -0.0162 -0.0553 2.4326 0.5239 0.0182 0.1547
0.000 -0.0055 -0.0421 2.4247 -0.2046 -0.0010 0.0082
-1.056 -0.0227 -0.0561 2.3972 0.5309 0.0172 0.1527
0.000 -0.0108 -0.0437 2.3949 -0.2052 -0.0020 0.0076
-1.056 -0.0270 -0.0558 2.4017 0.5306 0.0167 0.1522
0.000 -0.0105 -0.0453 2.5472 -0.2080 -0.0037 0.0075
-1.584 -0.0402 -0.0806 2.5285 0.8597 0.0274 0.2315
0.000 -0.0278 -0.0502 2.3582 -0.2089 -0.0032 0.0059
-1.584 -0.0443 -0.0689 2.4519 0.8630 0.0272 0.2306
0.000 -0.0226 -0.0509 2.4579 -0.2050 -0.0030 0.0044
-1.584 -0.0480 -0.0794 2.4199 0.8632 0.0280 0.2305
0.000 -0.0296 -0.0584 2.3631 -0.2015 -0.0033 0.0031
-2.112 -0.0710 -0.1042 2.3718 1.1684 0.0409 0.3166
0.000 -0.0314 -0.0548 2.4390 -0.2024 -0.0029 0.0046
-2.112 -0.0399 -0.0854 2.5469 1.1698 0.0409 0.3168
0.000 -0.0136 -0.0528 2.4056 -0.2100 -0.0024 0.0057
-2.112 -0.0378 -0.0894 2.5260 1.1633 0.0417 0.3176
0.000 -0.0225 -0.0454 2.3568 -0.2097 -0.0025 0.0051
-2.640 -0.0757 -0.1067 2.3419 1.4665 0.0539 0.4012
0.000 -0.0099 -0.0435 2.6351 -0.1887 -0.0033 0.0025
-2.640 -0.0320 -0.0849 2.6556 1.4368 0.0539 0.4059
0.000 0.0106 -0.0438 2.6661 -0.2083 -0.0036 0.0053
-2.640 -0.0384 -0.0913 2.7108 1.4354 0.0529 0.4048
0.000 0.0176 -0.0400 2.6911 -0.2114 -0.0041 0.0049
-2.112 -0.0240 -0.0806 2.6769 1.1606 0.0394 0.3186
0.000 -0.0431 -0.0306 2.3448 -0.2214 -0.0036 0.0053
-2.112 -0.0509 -0.0765 2.5695 1.1535 0.0393 0.3196
0.000 -0.0273 -0.0362 2.5284 -0.2263 -0.0042 0.0063
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-2.112 -0.0330 -0.0913 2.7133 1.1560 0.0389 0.3190
0.000 -0.0148 -0.0646 2.4427 -0.2271 -0.0043 0.0058
-1.584 -0.0558 -0.0845 2.3813 0.8602 0.0251 0.2312
0.000 -0.0344 -0.0573 2.3567 -0.2461 -0.0044 0.0078
-1.584 -0.0424 -0.0721 2.4992 0.8615 0.0245 0.2302
0.000 -0.0284 -0.0546 2.3815 -0.2445 -0.0054 0.0067
-1.584 -0.0420 -0.0739 2.5013 0.8639 0.0242 0.2302
0.000 -0.0302 -0.0520 2.3779 -0.2476 -0.0053 0.0074
-1.056 -0.0435 -0.0646 2.3745 0.5236 0.0131 0.1478
0.000 -0.0282 -0.0530 2.3790 -0.2504 -0.0058 0.0075
-1.056 -0.0364 -0.0603 2.4616 0.5246 0.0122 0.1478
0.000 -0.0266 -0.0514 2.3673 -0.2504 -0.0062 0.0073
-1.056 -0.0244 -0.0545 2.6074 0.5238 0.0115 0.1474
0.000 -0.0193 -0.0497 2.3913 -0.2502 -0.0068 0.0071
-0.528 -0.0232 -0.0505 2.4475 0.1172 0.0025 0.0854
0.000 -0.0269 -0.0442 2.4054 -0.2496 -0.0076 0.0065
-0.528 -0.0194 -0.0423 2.5322 0.1147 0.0027 0.0846
0.000 -0.0146 -0.0385 2.4947 -0.2505 -0.0077 0.0064
-0.528 -0.0238 -0.0399 2.5396 0.0448 -0.0015 0.0697
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B.5 Pitch Calibration Data
Table B.9: Positive Pitch Calibration Data
Load Thrust Side Lift Roll Pitch Yaw
0.000 -0.0409 0.0775 2.5449 -0.0476 -0.0210 0.0070
0.880 -0.0356 0.0758 2.5764 -0.0499 -0.9105 0.0079
0.000 -0.0446 0.0807 2.3455 -0.0415 -0.0218 0.0077
0.880 -0.0358 0.0834 2.5826 -0.0559 -0.9089 0.0087
0.000 -0.0452 0.0888 2.4209 -0.0413 -0.0207 0.0086
0.880 -0.0407 0.0830 2.3753 -0.0494 -0.9082 0.0091
0.000 -0.0538 0.0900 2.3937 -0.0398 -0.0202 0.0091
1.760 -0.0639 0.0793 2.3481 -0.0432 -1.7965 0.0150
0.000 -0.0697 0.0848 2.2592 -0.0394 -0.0200 0.0095
1.760 -0.0565 0.0780 2.4068 -0.0493 -1.7944 0.0138
0.000 -0.0728 0.0764 2.2473 -0.0389 -0.0187 0.0098
1.760 -0.0634 0.0708 2.2977 -0.0449 -1.7939 0.0137
0.000 -0.0703 0.0755 2.2329 -0.0379 -0.0184 0.0103
2.640 -0.0582 0.0600 2.3153 -0.0435 -2.6731 0.0165
0.000 -0.0591 0.0968 2.3653 -0.0371 -0.0188 0.0106
2.640 -0.0490 0.0817 2.4419 -0.0507 -2.6720 0.0171
0.000 -0.0479 0.1180 2.4977 -0.0363 -0.0191 0.0109
2.640 -0.0397 0.1033 2.5684 -0.0579 -2.6708 0.0176
0.000 -0.0448 0.1265 2.4989 -0.0335 -0.0152 0.0127
3.520 -0.0631 0.0910 2.3740 -0.0704 -3.5572 0.0205
0.000 -0.0469 0.1175 2.4310 -0.0349 -0.0163 0.0105
3.520 -0.0849 0.0405 2.2838 -0.0574 -3.5652 0.0191
0.000 -0.0472 0.1017 2.5748 -0.0377 -0.0179 0.0091
3.520 -0.0786 0.0329 2.3327 -0.0468 -3.5722 0.0178
0.000 -0.0878 0.0378 2.2543 -0.0386 -0.0196 0.0061
4.400 -0.0400 0.0658 2.6288 -0.0498 -4.4598 0.0175
0.000 -0.0832 0.0518 2.3979 -0.0435 -0.0222 0.0046
4.400 -0.0793 0.0334 2.3282 -0.0617 -4.4538 0.0187
0.000 -0.0587 0.0748 2.6118 -0.0485 -0.0219 0.0042
4.400 -0.0759 0.0459 2.4363 -0.0866 -4.4394 0.0171
0.000 -0.0639 0.0753 2.5734 -0.0492 -0.0238 0.0029
3.520 -0.0585 0.0547 2.6088 -0.0610 -3.5560 0.0139
0.000 -0.1010 0.0296 2.3309 -0.0505 -0.0240 0.0015
3.520 -0.0894 0.0242 2.2953 -0.0506 -3.5570 0.0127
0.000 -0.1031 0.0291 2.2815 -0.0494 -0.0252 0.0008
3.520 -0.0877 0.0255 2.4004 -0.0735 -3.5471 0.0130
0.000 -0.0317 0.0424 2.4822 0.0277 -0.0226 -0.0095
2.640 -0.0356 0.0398 2.4855 0.0296 -2.6687 -0.0018
0.000 -0.0368 0.0716 2.4409 0.0273 -0.0247 -0.0104
2.640 -0.0389 0.0331 2.4151 0.0225 -2.6676 -0.0022
0.000 -0.0432 0.0403 2.4733 0.0266 -0.0257 -0.0110
2.640 -0.0485 0.0319 2.3630 0.0223 -2.6646 -0.0032
0.000 -0.0428 0.0450 2.5231 0.0262 -0.0267 -0.0114
1.760 -0.0344 0.0445 2.5551 0.0144 -1.7921 -0.0069
0.000 -0.0487 0.0329 2.4031 0.0264 -0.0266 -0.0124
1.760 -0.0443 0.0241 2.4047 0.0145 -1.7957 -0.0077
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0.000 -0.0470 0.0390 2.5240 0.0252 -0.0268 -0.0128
1.760 -0.0394 0.0322 2.5325 0.0183 -1.7955 -0.0089
0.000 -0.0426 0.0582 2.5547 0.0250 -0.0266 -0.0132
0.880 -0.0381 0.0511 2.5549 0.0160 -0.9108 -0.0126
0.000 -0.0439 0.0544 2.5234 0.0253 -0.0275 -0.0138
0.880 -0.0400 0.0493 2.5673 0.0158 -0.9120 -0.0133
0.000 -0.0439 0.0526 2.5506 0.0246 -0.0278 -0.0141
0.880 -0.0551 0.0368 2.4138 0.0218 -0.9143 -0.0137
Table B.10: Negative Pitch Calibration Data
Load Thrust Side Lift Roll Pitch Yaw
0.000 -0.0583 -0.0140 2.3830 -0.0287 0.0028 -0.0151
-0.880 -0.0610 -0.0307 2.3148 -0.0154 0.8464 -0.0193
0.000 -0.0566 -0.0176 2.2848 -0.0273 -0.0038 -0.0158
-0.880 -0.0651 -0.0158 2.4392 -0.0149 0.8415 -0.0197
0.000 -0.0631 -0.0194 2.2937 -0.0280 -0.0036 -0.0162
-0.880 -0.0724 -0.0246 2.3151 -0.0093 0.8403 -0.0206
0.000 -0.0664 -0.0244 2.2882 -0.0291 -0.0034 -0.0165
-1.760 -0.0891 -0.0454 2.2350 -0.0047 1.7187 -0.0226
0.000 -0.0728 -0.0202 2.2330 -0.0299 -0.0033 -0.0168
-1.760 -0.0605 -0.0003 2.5661 -0.0074 1.7169 -0.0230
0.000 -0.0686 -0.0104 2.2931 -0.0300 -0.0038 -0.0171
-1.760 -0.0801 -0.0315 2.3195 -0.0089 1.7151 -0.0224
0.000 -0.0665 -0.0154 2.2956 -0.0303 -0.0049 -0.0172
-2.640 -0.0655 -0.0134 2.4437 -0.0099 2.5542 -0.0246
0.000 -0.0770 -0.0069 2.2614 -0.0347 -0.0034 -0.0169
-2.640 -0.0878 -0.0306 2.3055 -0.0072 2.5535 -0.0247
0.000 -0.0684 -0.0190 2.3025 -0.0350 -0.0042 -0.0170
-2.640 -0.0922 -0.0430 2.3008 -0.0110 2.5516 -0.0242
0.000 -0.0804 -0.0248 2.2387 -0.0368 -0.0039 -0.0172
-3.520 -0.0834 -0.0342 2.4486 0.0093 3.4296 -0.0277
0.000 -0.0704 -0.0012 2.4091 -0.0366 -0.0033 -0.0174
-3.520 -0.1061 -0.0138 2.2462 0.0063 3.4319 -0.0275
0.000 -0.0757 0.0128 2.2103 -0.0378 -0.0037 -0.0174
-3.520 -0.0906 -0.0087 2.4351 0.0042 3.4412 -0.0275
0.000 -0.0751 0.0000 2.2744 -0.0423 -0.0057 -0.0170
-4.400 -0.1120 -0.0608 2.2317 0.0104 4.3368 -0.0290
0.000 -0.0573 -0.0007 2.5612 -0.0380 -0.0054 -0.0177
-4.400 -0.1230 -0.0397 2.2205 0.0217 4.3423 -0.0297
0.000 -0.0888 0.0244 2.2163 -0.0415 -0.0046 -0.0176
-4.400 -0.1149 -0.0005 2.2177 0.0275 4.3527 -0.0308
0.000 -0.0877 -0.0121 2.3062 -0.0405 -0.0046 -0.0177
-3.520 -0.0958 -0.0184 2.4559 0.0029 3.4720 -0.0277
0.000 -0.0946 0.0102 2.2435 -0.0393 -0.0053 -0.0180
-3.520 -0.1107 -0.0219 2.2720 -0.0086 3.4705 -0.0267
0.000 -0.0818 -0.0102 2.2985 -0.0411 -0.0054 -0.0182
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Load Thrust Side Lift Roll Pitch Yaw
-3.520 -0.1123 -0.0340 2.1917 -0.0005 3.4698 -0.0272
0.000 -0.0831 -0.0188 2.2205 -0.0416 -0.0052 -0.0181
-2.640 -0.0802 -0.0355 2.3351 -0.0117 2.5821 -0.0257
0.000 -0.0759 -0.0047 2.3081 -0.0407 -0.0065 -0.0183
-2.640 -0.0858 -0.0211 2.2335 -0.0071 2.5781 -0.0264
0.000 -0.0806 -0.0061 2.2411 -0.0408 -0.0056 -0.0184
-2.640 -0.0702 -0.0056 2.5397 -0.0081 2.5790 -0.0262
0.000 -0.0768 -0.0114 2.2872 -0.0388 -0.0055 -0.0187
-1.760 -0.0878 -0.0248 2.2285 -0.0179 1.7314 -0.0229
0.000 -0.0734 -0.0235 2.2506 -0.0398 -0.0060 -0.0195
-1.760 -0.1088 -0.0477 2.1960 -0.0150 1.7274 -0.0243
0.000 -0.0818 -0.0301 2.1985 -0.0392 -0.0061 -0.0198
-1.760 -0.0954 -0.0394 2.1954 -0.0194 1.7253 -0.0245
0.000 -0.0635 -0.0078 2.4284 -0.0380 -0.0065 -0.0201
-0.880 -0.0576 -0.0257 2.4624 -0.0260 0.8414 -0.0234
0.000 -0.0488 -0.0222 2.4552 -0.0387 -0.0069 -0.0204
-0.880 -0.0737 -0.0530 2.3061 -0.0272 0.8402 -0.0233
0.000 -0.0718 -0.0445 2.2968 -0.0384 -0.0073 -0.0204
-0.880 -0.0792 -0.0581 2.3256 -0.0257 0.8397 -0.0237
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B.6 Yaw Calibration Data
Table B.11: Positive Yaw Calibration Data
Load Thrust Side Lift Roll Pitch Yaw
0.000 -0.0316 -0.0598 2.5020 -0.0674 -0.0145 -0.0191
0.528 -0.0353 -0.4858 2.5060 1.3387 0.0644 -0.4602
0.000 -0.0263 -0.0123 2.5046 -0.2377 -0.0089 0.0028
0.528 -0.0269 -0.4402 2.5064 1.3284 0.0640 -0.4579
0.000 -0.0333 -0.0113 2.5041 -0.2411 -0.0089 0.0033
0.528 -0.0210 -0.4941 2.5062 1.3278 0.0647 -0.4587
0.000 -0.0260 -0.0109 2.5035 -0.2498 -0.0086 0.0046
1.056 0.0010 -0.9123 2.5321 3.0637 0.1403 -0.9466
0.000 -0.0479 -0.0324 2.4952 -0.2396 -0.0079 0.0030
1.056 -0.0089 -0.9292 2.4986 3.0698 0.1397 -0.9483
0.000 -0.0306 0.0177 2.5081 -0.2283 -0.0077 0.0013
1.056 0.0024 -0.9198 2.5369 3.0717 0.1379 -0.9498
0.000 -0.0430 0.0049 2.5104 -0.2199 -0.0078 0.0001
1.584 0.0593 -1.2410 2.5674 4.8970 0.2125 -1.4559
0.000 -0.0447 0.0049 2.5283 -0.1208 -0.0097 -0.0122
1.584 0.0609 -1.2093 2.5178 4.9056 0.2130 -1.4570
0.000 -0.0479 0.0263 2.5138 -0.1401 -0.0107 -0.0098
1.584 0.0512 -1.1668 2.5151 4.8972 0.2164 -1.4565
0.000 -0.0427 0.0681 2.5238 -0.1225 -0.0106 -0.0119
2.112 0.0744 -1.6775 2.5237 6.7208 0.2889 -1.9625
0.000 -0.0765 -0.0134 2.5038 -0.1687 -0.0067 -0.0053
2.112 0.0561 -1.5560 2.4930 6.7298 0.2880 -1.9639
0.000 -0.0659 0.0713 2.5197 -0.1490 -0.0078 -0.0079
2.112 0.0849 -1.7469 2.6354 6.7260 0.2840 -1.9630
0.000 -0.0670 0.0815 2.5160 -0.1572 -0.0075 -0.0069
2.640 0.1251 -2.2136 2.6520 8.5692 0.3547 -2.4730
0.000 -0.0476 -0.0012 2.5416 -0.1725 -0.0061 -0.0052
2.640 0.1097 -2.1387 2.5310 8.5586 0.3584 -2.4701
0.000 -0.0864 -0.0119 2.5351 -0.1850 -0.0051 -0.0036
2.640 0.1124 -2.2072 2.5344 8.5626 0.3569 -2.4707
0.000 -0.0484 0.0042 2.5355 -0.1770 -0.0048 -0.0048
2.112 0.0756 -1.7001 2.5540 6.7167 0.2845 -1.9592
0.000 -0.0716 0.0891 2.5292 -0.1715 -0.0060 -0.0058
2.112 0.0817 -1.7309 2.6144 6.7088 0.2841 -1.9568
0.000 -0.0662 -0.0118 2.5454 -0.1703 -0.0058 -0.0060
2.112 0.0729 -1.7631 2.5833 6.6991 0.2857 -1.9545
0.000 -0.0733 0.0665 2.5243 -0.1587 -0.0063 -0.0076
1.584 0.0268 -1.1728 2.5240 4.8688 0.2129 -1.4476
0.000 -0.0578 0.1229 2.5251 -0.1910 -0.0072 -0.0036
1.584 0.0271 -1.1969 2.5131 4.8739 0.2123 -1.4489
0.000 -0.0584 0.1243 2.5202 -0.1705 -0.0072 -0.0061
1.584 0.0362 -1.2151 2.5909 4.8664 0.2119 -1.4469
0.000 -0.0554 0.1123 2.5593 -0.1809 -0.0077 -0.0051
1.056 -0.0092 -0.7661 2.5469 3.0449 0.1361 -0.9422
0.000 -0.0670 0.0397 2.5120 -0.2047 -0.0069 -0.0023
1.056 -0.0209 -0.8181 2.5154 3.0434 0.1374 -0.9420
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Load Thrust Side Lift Roll Pitch Yaw
0.000 -0.0555 0.0688 2.5145 -0.2069 -0.0068 -0.0019
1.056 -0.0098 -0.8425 2.5152 3.0433 0.1354 -0.9420
0.000 -0.0513 0.0544 2.5272 -0.2072 -0.0066 -0.0017
0.528 -0.0504 -0.3611 2.5155 1.3173 0.0667 -0.4564
0.000 -0.0594 0.0516 2.5157 -0.2400 -0.0072 0.0026
0.528 -0.0507 -0.3608 2.5160 1.3099 0.0669 -0.4553
0.000 -0.0631 0.0530 2.5152 -0.2348 -0.0074 0.0019
0.528 -0.0504 -0.3534 2.5157 1.3126 0.0668 -0.4558
Table B.12: Negative Yaw Calibration Data
Load Thrust Side Lift Roll Pitch Yaw
0.000 -0.0113 -0.0573 2.5242 -0.0595 -0.0180 -0.0199
-0.528 -0.0191 0.4397 2.5150 -1.7436 -0.0887 0.4587
0.000 0.0282 -0.0803 2.5352 -0.0064 -0.0193 -0.0272
-0.528 -0.0198 0.4005 2.5110 -1.7441 -0.0910 0.4584
0.000 0.0294 -0.0626 2.5176 -0.0065 -0.0198 -0.0272
-0.528 -0.0029 0.4713 2.4953 -1.7303 -0.0973 0.4553
0.000 0.0233 -0.0730 2.5145 -0.0040 -0.0199 -0.0279
-1.056 0.0127 0.8988 2.4957 -3.5393 -0.1674 0.9558
0.000 -0.0012 -0.1162 2.5094 -0.0034 -0.0215 -0.0286
-1.056 -0.0013 0.8791 2.4874 -3.5287 -0.1777 0.9520
0.000 -0.0019 -0.1056 2.5098 -0.0034 -0.0217 -0.0285
-1.056 -0.0003 0.8971 2.4900 -3.5377 -0.1721 0.9543
0.000 0.0250 -0.0676 2.4984 0.0011 -0.0220 -0.0298
-1.584 0.0208 1.3624 2.4816 -5.3624 -0.2758 1.4555
0.000 0.0093 -0.1216 2.5110 -0.0069 -0.0233 -0.0287
-1.584 0.0184 1.3708 2.4822 -5.4074 -0.2468 1.4690
0.000 0.0293 -0.0823 2.5115 -0.0042 -0.0241 -0.0295
-1.584 0.0234 1.3742 2.4894 -5.3854 -0.2682 1.4609
0.000 -0.0101 -0.1104 2.5078 -0.0269 -0.0249 -0.0288
-2.112 0.0468 1.4483 2.4665 -7.2229 -0.3600 1.9638
0.000 0.0273 -0.1180 2.5149 -0.0112 -0.0271 -0.0310
-2.112 0.0217 1.7260 2.4644 -7.2704 -0.3319 1.9786
0.000 0.0368 -0.1137 2.4956 -0.0119 -0.0269 -0.0309
-2.112 0.0172 1.7922 2.4566 -7.2764 -0.3289 1.9798
0.000 0.0259 -0.1545 2.5078 -0.0122 -0.0277 -0.0308
-2.640 0.0218 1.8907 2.4898 -9.1143 -0.4360 2.4818
0.000 0.0279 -0.1099 2.5405 -0.0145 -0.0288 -0.0303
-2.640 0.0153 1.9933 2.4798 -9.0775 -0.4502 2.4721
0.000 0.0514 -0.0748 2.4927 -0.0126 -0.0290 -0.0303
-2.640 0.0049 1.9147 2.4678 -9.1247 -0.4180 2.4866
0.000 0.0517 -0.1105 2.5209 -0.0124 -0.0293 -0.0305
-2.112 0.0292 1.6867 2.4578 -7.2443 -0.3517 1.9712
0.000 0.0531 -0.0734 2.5197 -0.0094 -0.0271 -0.0302
-2.112 0.0352 1.7412 2.4630 -7.2932 -0.3176 1.9857
0.000 0.0353 -0.1045 2.5152 -0.0104 -0.0280 -0.0302
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Load Thrust Side Lift Roll Pitch Yaw
-2.112 0.0372 1.7267 2.4622 -7.2529 -0.3437 1.9721
0.000 0.0509 -0.0722 2.5250 -0.0118 -0.0281 -0.0297
-1.584 0.0517 1.3419 2.4947 -5.4366 -0.2372 1.4762
0.000 0.0273 -0.1065 2.5211 -0.0091 -0.0281 -0.0297
-1.584 0.0303 1.2989 2.4887 -5.3868 -0.2696 1.4610
0.000 0.0335 -0.1094 2.5237 -0.0078 -0.0279 -0.0298
-1.584 0.0391 1.3263 2.4945 -5.3988 -0.2548 1.4655
0.000 0.0297 -0.1230 2.5214 -0.0050 -0.0281 -0.0303
-1.056 0.0248 0.7483 2.4996 -3.5415 -0.1792 0.9543
0.000 0.0067 -0.1138 2.5198 -0.0112 -0.0267 -0.0301
-1.056 0.0214 0.8228 2.5009 -3.5413 -0.1754 0.9527
0.000 0.0124 -0.1037 2.5172 -0.0050 -0.0272 -0.0306
-1.056 0.0254 0.8439 2.4959 -3.5163 -0.1903 0.9464
0.000 0.0305 -0.1414 2.5268 -0.0781 -0.0251 -0.0220
-0.528 0.0207 0.3421 2.5128 -1.7293 -0.1028 0.4518
0.000 0.0511 -0.0955 2.5239 0.0016 -0.0274 -0.0319
-0.528 0.0134 0.3628 2.5073 -1.7220 -0.1075 0.4503
0.000 0.0514 -0.0844 2.5181 0.0018 -0.0274 -0.0318
-0.528 0.0166 0.3977 2.4986 -1.7229 -0.1030 0.4506
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Test Data
86
C.1 Thrust Test Data
Table C.1: Thrust Test Data
Thrust Side Lift Roll Pitch Yaw
0.374 0.008 0.004 0.000 0.020 0.023
0.355 0.015 0.002 -0.002 0.018 0.025
0.353 0.016 0.001 -0.002 0.018 0.022
0.355 0.017 0.001 -0.002 0.018 0.021
0.352 0.017 0.001 -0.003 0.019 0.023
0.352 0.017 0.000 -0.002 0.018 0.021
0.350 0.017 0.000 -0.001 0.015 0.021
0.354 0.015 0.001 -0.002 0.017 0.022
0.364 0.015 0.001 -0.001 0.018 0.021
0.353 0.014 0.001 -0.002 0.017 0.021
0.356 0.014 0.001 -0.002 0.017 0.021
0.353 0.014 0.001 -0.001 0.017 0.021
0.352 0.013 0.001 -0.003 0.019 0.022
0.353 0.012 0.001 -0.002 0.019 0.021
0.350 0.014 0.001 -0.002 0.017 0.021
0.348 0.014 0.000 -0.002 0.017 0.021
0.359 0.012 0.001 -0.002 0.016 0.021
0.350 0.012 0.001 -0.003 0.016 0.021
0.351 0.012 0.001 -0.003 0.016 0.021
0.354 0.012 0.001 -0.002 0.015 0.021
0.354 0.012 0.001 -0.002 0.015 0.021
0.350 0.012 0.000 -0.002 0.015 0.021
0.351 0.012 0.000 -0.001 0.017 0.021
0.350 0.013 0.000 -0.001 0.015 0.021
0.350 0.012 0.000 -0.002 0.015 0.020
0.351 0.013 0.000 -0.003 0.019 0.022
0.346 0.014 0.000 -0.002 0.016 0.021
0.351 0.013 0.001 -0.002 0.018 0.022
0.345 0.012 0.000 -0.003 0.015 0.021
0.356 0.012 0.001 -0.001 0.015 0.021
0.355 0.011 0.001 0.000 0.018 0.022
0.345 0.012 0.000 -0.002 0.016 0.021
0.345 0.011 0.001 -0.003 0.016 0.021
0.345 0.012 0.000 -0.002 0.016 0.021
0.344 0.012 0.000 -0.002 0.015 0.021
0.345 0.011 0.001 -0.002 0.016 0.021
0.346 0.010 0.001 -0.002 0.016 0.021
0.350 0.011 0.001 -0.002 0.018 0.022
0.343 0.011 0.000 -0.001 0.018 0.022
0.344 0.011 0.001 -0.002 0.016 0.021
0.344 0.011 0.001 -0.002 0.015 0.021
0.345 0.009 0.001 -0.002 0.016 0.021
0.346 0.009 0.001 -0.001 0.016 0.021
0.340 0.011 0.001 -0.002 0.019 0.022
0.343 0.010 0.001 -0.001 0.016 0.021
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Thrust Side Lift Roll Pitch Yaw
0.344 0.008 0.001 -0.002 0.016 0.021
0.354 0.009 0.001 0.000 0.017 0.021
0.357 0.008 0.002 0.000 0.016 0.021
0.352 0.012 0.001 0.002 0.018 0.019
0.346 0.014 0.001 -0.002 0.016 0.021
0.355 0.010 0.002 -0.002 0.020 0.022
0.348 0.011 0.001 -0.003 0.017 0.021
0.347 0.009 0.002 -0.002 0.019 0.022
0.349 0.009 0.001 -0.003 0.017 0.021
0.347 0.009 0.001 -0.002 0.016 0.021
0.347 0.009 0.001 -0.002 0.017 0.021
0.348 0.008 0.001 -0.002 0.016 0.020
0.345 0.009 0.001 -0.002 0.018 0.021
0.348 0.008 0.002 -0.003 0.016 0.020
0.348 0.008 0.001 -0.002 0.015 0.020
0.350 0.007 0.002 -0.002 0.016 0.020
0.346 0.008 0.001 -0.003 0.016 0.020
0.349 0.008 0.001 -0.002 0.019 0.022
0.355 0.007 0.002 -0.002 0.016 0.020
0.348 0.007 0.002 -0.003 0.018 0.022
0.348 0.008 0.001 -0.002 0.016 0.021
0.346 0.008 0.001 -0.003 0.017 0.020
0.353 0.007 0.002 -0.002 0.015 0.020
0.351 0.006 0.002 -0.003 0.015 0.020
0.349 0.007 0.002 -0.003 0.016 0.020
0.352 0.006 0.002 -0.002 0.018 0.021
0.359 0.007 0.002 -0.002 0.015 0.020
0.348 0.008 0.002 -0.002 0.015 0.020
0.349 0.009 0.001 -0.002 0.015 0.020
0.354 0.008 0.002 -0.003 0.016 0.020
0.353 0.008 0.001 -0.003 0.015 0.020
0.347 0.008 0.001 -0.002 0.018 0.022
0.348 0.007 0.001 -0.002 0.016 0.020
0.345 0.008 0.001 -0.002 0.015 0.021
0.355 0.007 0.002 -0.002 0.015 0.021
0.345 0.009 0.001 -0.003 0.015 0.021
0.348 0.008 0.001 -0.003 0.015 0.021
0.347 0.008 0.001 -0.002 0.015 0.021
0.346 0.009 0.001 -0.002 0.015 0.021
0.345 0.009 0.001 -0.001 0.016 0.021
0.353 0.008 0.002 -0.001 0.015 0.021
0.350 0.007 0.002 -0.002 0.018 0.022
0.354 0.009 0.002 -0.002 0.017 0.021
0.344 0.008 0.001 -0.002 0.015 0.021
0.342 0.008 0.001 -0.002 0.018 0.022
0.343 0.008 0.001 -0.002 0.015 0.021
0.343 0.007 0.002 -0.003 0.015 0.021
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Thrust Side Lift Roll Pitch Yaw
0.348 0.006 0.002 -0.001 0.016 0.021
0.346 0.007 0.002 -0.002 0.015 0.021
0.343 0.008 0.002 -0.003 0.015 0.021
0.344 0.008 0.002 -0.001 0.015 0.021
0.348 0.007 0.002 -0.002 0.015 0.021
0.342 0.007 0.002 -0.002 0.018 0.022
0.342 0.007 0.002 -0.002 0.016 0.021
0.345 0.006 0.002 -0.001 0.019 0.022
C.2 Drag Test Data
Table C.2: Drag Test Data
Drag Side Lift Roll Pitch Yaw
-0.392 -0.005 -0.004 -0.004 -0.015 -0.022
-0.343 -0.005 -0.002 -0.001 -0.013 -0.024
-0.343 -0.005 -0.002 -0.001 -0.012 -0.023
-0.344 -0.003 -0.002 -0.001 -0.012 -0.023
-0.343 -0.004 -0.002 -0.003 -0.011 -0.022
-0.344 -0.003 -0.002 -0.002 -0.012 -0.022
-0.346 -0.003 -0.002 -0.002 -0.012 -0.022
-0.344 -0.003 -0.002 -0.002 -0.012 -0.023
-0.339 -0.003 -0.002 -0.002 -0.012 -0.023
-0.346 -0.002 -0.002 -0.002 -0.011 -0.023
-0.346 -0.002 -0.002 -0.003 -0.012 -0.023
-0.344 -0.002 -0.002 -0.002 -0.011 -0.023
-0.348 -0.001 -0.002 -0.003 -0.011 -0.021
-0.339 -0.003 -0.002 -0.001 -0.011 -0.020
-0.339 -0.002 -0.002 -0.001 -0.010 -0.020
-0.337 -0.001 -0.002 -0.002 -0.010 -0.020
-0.337 -0.001 -0.002 -0.002 -0.011 -0.020
-0.337 -0.001 -0.002 -0.002 -0.011 -0.022
-0.334 -0.001 -0.002 -0.002 -0.010 -0.020
-0.335 -0.002 -0.002 -0.001 -0.010 -0.020
-0.334 -0.001 -0.002 -0.002 -0.010 -0.020
-0.332 -0.001 -0.002 -0.002 -0.010 -0.020
-0.332 -0.001 -0.002 -0.002 -0.010 -0.020
-0.336 0.000 -0.002 -0.002 -0.010 -0.020
-0.332 -0.001 -0.002 -0.002 -0.010 -0.020
-0.331 -0.001 -0.002 -0.003 -0.009 -0.020
-0.330 -0.001 -0.002 -0.002 -0.010 -0.020
-0.335 -0.001 -0.002 -0.002 -0.010 -0.019
-0.337 0.000 -0.002 -0.002 -0.010 -0.020
-0.337 0.000 -0.002 -0.003 -0.010 -0.019
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Drag Side Lift Roll Pitch Yaw
-0.336 -0.001 -0.002 -0.003 -0.010 -0.020
-0.330 0.000 -0.002 -0.002 -0.011 -0.020
-0.331 0.000 -0.002 -0.002 -0.011 -0.020
-0.334 0.000 -0.002 -0.003 -0.010 -0.019
-0.328 0.000 -0.002 -0.002 -0.010 -0.020
-0.334 0.000 -0.002 -0.002 -0.011 -0.019
-0.353 -0.001 -0.002 -0.003 -0.011 -0.017
-0.332 0.001 -0.002 -0.002 -0.011 -0.019
-0.335 0.001 -0.002 -0.003 -0.011 -0.019
-0.329 0.002 -0.002 -0.001 -0.011 -0.020
-0.339 0.002 -0.002 -0.002 -0.011 -0.019
-0.343 0.002 -0.002 -0.002 -0.011 -0.019
-0.328 0.002 -0.002 -0.001 -0.011 -0.020
-0.335 0.003 -0.003 -0.002 -0.012 -0.021
-0.369 0.002 -0.003 -0.003 -0.012 -0.018
-0.328 0.003 -0.002 0.000 -0.011 -0.021
-0.333 0.003 -0.002 -0.001 -0.011 -0.020
-0.339 0.003 -0.003 -0.002 -0.011 -0.021
-0.332 0.003 -0.002 0.000 -0.011 -0.021
-0.332 0.003 -0.002 -0.001 -0.011 -0.021
-0.330 0.003 -0.002 -0.001 -0.011 -0.021
-0.329 0.003 -0.002 0.000 -0.010 -0.022
-0.331 0.002 -0.002 -0.001 -0.011 -0.022
-0.328 0.003 -0.002 0.000 -0.011 -0.023
-0.331 0.003 -0.002 -0.001 -0.011 -0.022
-0.332 0.003 -0.002 0.000 -0.011 -0.023
-0.330 0.003 -0.002 0.000 -0.010 -0.022
-0.330 0.004 -0.002 0.000 -0.011 -0.022
-0.335 0.003 -0.002 0.000 -0.010 -0.022
-0.330 0.004 -0.002 0.000 -0.010 -0.022
-0.330 0.004 -0.002 0.000 -0.011 -0.021
-0.331 0.004 -0.002 0.000 -0.011 -0.021
-0.331 0.004 -0.002 0.001 -0.011 -0.022
-0.331 0.004 -0.002 0.000 -0.011 -0.022
-0.326 0.004 -0.002 0.000 -0.010 -0.022
-0.326 0.004 -0.002 0.000 -0.011 -0.023
-0.329 0.005 -0.003 0.000 -0.010 -0.024
-0.334 0.004 -0.003 0.000 -0.011 -0.024
-0.332 0.004 -0.003 0.001 -0.011 -0.024
-0.338 0.003 -0.003 -0.001 -0.010 -0.022
-0.331 0.004 -0.003 0.000 -0.011 -0.024
-0.341 0.004 -0.003 -0.001 -0.011 -0.023
-0.333 0.004 -0.003 0.000 -0.010 -0.022
-0.333 0.004 -0.003 -0.001 -0.010 -0.024
-0.340 0.004 -0.003 -0.002 -0.011 -0.023
-0.338 0.004 -0.003 0.000 -0.010 -0.022
-0.331 0.004 -0.003 0.000 -0.010 -0.023
-0.332 0.004 -0.003 -0.001 -0.010 -0.024
90
Table C.2 – continued from previous page
Drag Side Lift Roll Pitch Yaw
-0.330 0.004 -0.003 0.000 -0.010 -0.024
-0.334 0.004 -0.003 0.001 -0.011 -0.024
-0.331 0.004 -0.003 0.000 -0.011 -0.024
-0.331 0.004 -0.002 0.000 -0.010 -0.024
-0.344 0.003 -0.003 0.000 -0.011 -0.024
-0.331 0.004 -0.002 0.000 -0.011 -0.024
-0.328 0.004 -0.003 0.000 -0.010 -0.024
-0.327 0.005 -0.003 -0.001 -0.010 -0.024
-0.334 0.004 -0.003 -0.001 -0.011 -0.022
-0.332 0.004 -0.003 0.000 -0.010 -0.021
-0.330 0.004 -0.003 0.000 -0.010 -0.022
-0.332 0.004 -0.003 0.000 -0.011 -0.023
-0.327 0.004 -0.003 0.000 -0.010 -0.024
-0.332 0.003 -0.002 0.000 -0.011 -0.022
-0.328 0.004 -0.003 -0.001 -0.010 -0.021
-0.327 0.004 -0.003 0.000 -0.010 -0.022
-0.325 0.004 -0.003 0.000 -0.010 -0.022
-0.326 0.004 -0.003 -0.001 -0.010 -0.022
-0.326 0.004 -0.003 0.001 -0.010 -0.021
-0.327 0.004 -0.002 0.000 -0.011 -0.021
-0.327 0.003 -0.002 0.000 -0.010 -0.022
-0.332 0.003 -0.002 0.000 -0.011 -0.021
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C.3 Positive Side Force Test Data
Table C.3: Positive Side Force Test Data
Drag Side Lift Roll Pitch Yaw
0.000 0.365 -0.015 -0.007 0.003 0.004
0.000 0.361 -0.012 -0.007 0.004 0.003
0.002 0.361 -0.010 -0.006 0.003 0.003
0.002 0.363 -0.014 -0.005 0.003 0.003
0.002 0.361 -0.011 -0.005 0.004 0.003
0.002 0.361 -0.015 -0.005 0.003 0.003
0.004 0.368 -0.009 -0.007 0.003 0.003
0.003 0.364 -0.016 -0.006 0.003 0.003
0.002 0.357 -0.022 -0.002 0.003 0.003
0.002 0.357 -0.020 -0.001 0.003 0.002
0.002 0.359 -0.021 -0.001 0.003 0.002
0.002 0.356 -0.020 -0.002 0.003 0.002
0.004 0.360 -0.022 -0.003 0.003 0.003
0.002 0.356 -0.009 -0.005 0.003 0.003
0.004 0.361 -0.019 -0.007 0.003 0.003
0.003 0.354 -0.009 -0.005 0.003 0.002
0.003 0.361 -0.016 -0.006 0.003 0.003
0.004 0.360 -0.015 -0.006 0.003 0.002
0.003 0.360 -0.019 -0.005 0.003 0.003
0.002 0.356 -0.009 -0.005 0.003 0.003
0.004 0.360 -0.009 -0.004 0.003 0.003
0.003 0.356 -0.010 -0.004 0.003 0.003
0.005 0.357 -0.015 -0.004 0.003 0.003
0.003 0.352 -0.007 -0.004 0.003 0.003
0.003 0.354 -0.014 -0.004 0.003 0.002
0.004 0.359 -0.015 -0.005 0.003 0.003
0.003 0.353 -0.012 -0.004 0.003 0.003
0.005 0.359 -0.018 -0.005 0.003 0.003
0.004 0.359 -0.012 -0.004 0.003 0.003
0.004 0.357 -0.019 -0.004 0.003 0.003
0.004 0.359 -0.013 -0.005 0.003 0.003
0.005 0.357 -0.011 -0.006 0.003 0.002
0.004 0.355 -0.011 -0.005 0.003 0.002
0.004 0.355 -0.010 -0.005 0.002 0.002
0.005 0.356 -0.013 -0.004 0.003 0.002
0.004 0.354 -0.008 -0.004 0.003 0.002
0.004 0.356 -0.012 -0.005 0.003 0.003
0.005 0.361 -0.011 -0.006 0.003 0.002
0.005 0.359 -0.013 -0.005 0.002 0.002
0.005 0.359 -0.014 -0.004 0.003 0.002
0.006 0.358 -0.021 -0.004 0.003 0.002
0.003 0.355 -0.012 -0.003 0.003 0.002
0.005 0.357 -0.013 -0.006 0.003 0.002
0.005 0.355 -0.010 -0.003 0.002 0.002
0.005 0.360 -0.014 -0.007 0.003 0.003
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0.005 0.356 -0.008 -0.005 0.002 0.002
0.005 0.359 -0.020 -0.005 0.003 0.002
0.006 0.359 -0.013 -0.005 0.003 0.003
0.005 0.355 -0.010 -0.003 0.003 0.002
0.005 0.355 -0.017 -0.005 0.003 0.002
0.004 0.355 -0.009 -0.006 0.003 0.002
0.006 0.359 -0.020 -0.005 0.003 0.002
0.006 0.358 -0.016 -0.003 0.003 0.002
0.006 0.360 -0.011 -0.006 0.003 0.002
0.005 0.356 -0.012 -0.004 0.003 0.002
0.005 0.356 -0.011 -0.003 0.002 0.002
0.006 0.360 -0.016 -0.006 0.003 0.002
0.004 0.355 -0.011 -0.004 0.002 0.002
0.005 0.357 -0.017 -0.003 0.002 0.002
0.005 0.357 -0.011 -0.006 0.003 0.002
0.005 0.360 -0.008 -0.005 0.003 0.002
0.006 0.359 -0.008 -0.006 0.003 0.002
0.006 0.360 -0.017 -0.004 0.003 0.002
0.006 0.364 -0.020 -0.008 0.003 0.002
0.005 0.361 -0.016 -0.005 0.003 0.002
0.005 0.361 -0.018 -0.004 0.003 0.002
0.005 0.362 -0.012 -0.007 0.003 0.002
0.005 0.360 -0.017 -0.005 0.003 0.002
0.007 0.367 -0.013 -0.006 0.003 0.002
0.006 0.363 -0.012 -0.004 0.003 0.002
0.005 0.363 -0.015 -0.006 0.003 0.002
0.005 0.365 -0.020 -0.006 0.002 0.002
0.004 0.362 -0.013 -0.006 0.003 0.002
0.004 0.362 -0.011 -0.006 0.003 0.002
0.006 0.363 -0.012 -0.005 0.003 0.002
0.005 0.364 -0.013 -0.005 0.003 0.002
0.004 0.362 -0.012 -0.006 0.002 0.002
0.005 0.365 -0.011 -0.006 0.002 0.002
0.004 0.361 -0.016 -0.007 0.003 0.002
0.004 0.362 -0.013 -0.006 0.003 0.002
0.004 0.361 -0.017 -0.006 0.002 0.002
0.005 0.363 -0.021 -0.006 0.003 0.002
0.006 0.365 -0.012 -0.005 0.003 0.002
0.004 0.360 -0.014 -0.005 0.002 0.002
0.004 0.363 -0.013 -0.007 0.003 0.002
0.004 0.362 -0.016 -0.005 0.002 0.002
0.004 0.359 -0.017 -0.005 0.002 0.002
0.005 0.335 -0.012 -0.006 0.003 0.002
0.004 0.359 -0.018 -0.005 0.003 0.002
0.004 0.358 -0.014 -0.006 0.002 0.002
0.003 0.361 -0.013 -0.006 0.002 0.002
0.004 0.359 -0.010 -0.007 0.003 0.002
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0.004 0.360 -0.015 -0.008 0.003 0.002
0.004 0.359 -0.017 -0.006 0.003 0.002
0.004 0.359 -0.017 -0.005 0.002 0.002
0.004 0.359 -0.015 -0.006 0.003 0.002
0.004 0.361 -0.018 -0.003 0.001 0.002
0.003 0.358 -0.018 -0.004 0.002 0.002
0.004 0.361 -0.027 -0.004 0.002 0.002
0.004 0.359 -0.024 -0.005 0.002 0.002
C.4 Negative Side Force Test Data
Table C.4: Negative Side Force Test Data
Drag Side Lift Roll Pitch Yaw
-0.001 -0.372 0.017 -0.006 -0.001 0.000
0.011 -0.353 0.009 -0.004 0.001 0.001
0.009 -0.351 0.009 -0.002 -0.001 0.000
0.009 -0.351 0.009 -0.003 0.000 0.001
0.007 -0.358 0.010 -0.003 0.000 0.000
0.007 -0.354 0.009 -0.004 -0.001 0.001
0.005 -0.348 0.009 -0.004 0.000 0.001
0.005 -0.351 0.009 -0.003 -0.001 0.001
0.006 -0.349 0.009 -0.003 0.000 0.001
0.006 -0.354 0.010 -0.001 -0.001 0.001
0.004 -0.357 0.010 -0.003 0.000 0.000
0.004 -0.354 0.010 -0.004 -0.001 0.000
0.003 -0.348 0.009 -0.003 0.000 0.001
0.003 -0.353 0.009 -0.003 -0.001 0.000
0.003 -0.353 0.010 -0.003 -0.001 0.000
0.003 -0.350 0.009 -0.003 0.000 0.001
0.003 -0.349 0.009 -0.003 0.000 0.001
0.003 -0.348 0.008 -0.004 0.000 0.001
0.004 -0.355 0.010 -0.003 0.000 0.001
0.002 -0.350 0.009 -0.004 -0.001 0.001
0.002 -0.350 0.008 -0.004 0.000 0.001
0.002 -0.355 0.010 -0.004 0.000 0.001
0.002 -0.351 0.009 -0.003 0.000 0.001
0.003 -0.358 0.010 -0.002 0.000 0.001
0.004 -0.355 0.009 -0.004 0.000 0.001
0.001 -0.349 0.008 -0.004 0.000 0.001
0.001 -0.350 0.009 -0.004 0.000 0.001
-0.001 -0.357 0.011 -0.005 0.000 0.001
0.002 -0.363 0.011 -0.004 -0.001 0.000
0.004 -0.369 0.011 -0.002 -0.001 0.000
-0.001 -0.357 0.009 -0.005 0.000 0.001
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-0.003 -0.357 0.010 -0.004 -0.001 0.001
0.000 -0.355 0.010 -0.005 0.000 0.001
0.000 -0.362 0.010 -0.004 -0.001 0.000
-0.001 -0.357 0.009 -0.003 -0.001 0.000
-0.002 -0.356 0.009 -0.004 0.000 0.001
0.000 -0.362 0.009 -0.004 -0.001 0.001
-0.002 -0.351 0.008 -0.004 0.000 0.001
-0.003 -0.358 0.010 -0.004 0.000 0.001
-0.001 -0.351 0.008 -0.005 0.000 0.001
0.000 -0.355 0.009 -0.004 0.000 0.001
-0.002 -0.352 0.010 -0.005 0.000 0.001
0.000 -0.351 0.009 -0.004 0.000 0.001
-0.001 -0.344 0.008 -0.005 0.001 0.001
0.000 -0.348 0.009 -0.004 0.000 0.001
0.000 -0.345 0.008 -0.004 0.000 0.001
0.000 -0.347 0.008 -0.004 0.000 0.001
-0.001 -0.345 0.008 -0.005 0.000 0.001
0.002 -0.357 0.010 -0.003 -0.001 0.001
0.000 -0.344 0.008 -0.004 0.000 0.001
-0.001 -0.348 0.008 -0.003 0.000 0.001
0.001 -0.361 0.012 -0.003 -0.001 0.000
-0.003 -0.349 0.010 -0.004 0.000 0.001
0.001 -0.363 0.011 -0.003 -0.001 0.001
-0.003 -0.352 0.009 -0.004 0.000 0.001
-0.003 -0.351 0.008 -0.003 -0.001 0.001
0.000 -0.360 0.010 -0.005 -0.001 0.000
-0.001 -0.351 0.008 -0.004 0.000 0.001
-0.002 -0.348 0.008 -0.003 0.000 0.001
-0.001 -0.353 0.009 -0.005 0.000 0.001
-0.002 -0.347 0.008 -0.004 0.000 0.001
-0.001 -0.352 0.008 -0.005 0.000 0.001
-0.001 -0.351 0.008 -0.004 0.000 0.001
0.000 -0.353 0.008 -0.005 0.000 0.001
0.000 -0.352 0.008 -0.005 0.001 0.001
0.000 -0.349 0.008 -0.003 0.000 0.001
-0.002 -0.353 0.008 -0.005 0.000 0.001
-0.001 -0.360 0.009 -0.004 0.000 0.001
-0.001 -0.357 0.009 -0.004 0.000 0.001
-0.002 -0.357 0.009 -0.004 0.000 0.001
-0.002 -0.355 0.010 -0.005 0.000 0.001
-0.003 -0.354 0.008 -0.005 0.000 0.001
-0.002 -0.351 0.008 -0.004 0.000 0.001
-0.001 -0.352 0.008 -0.005 0.000 0.001
-0.001 -0.352 0.008 -0.006 0.000 0.001
-0.001 -0.357 0.009 -0.004 0.000 0.001
-0.002 -0.351 0.009 -0.004 0.000 0.001
-0.001 -0.351 0.008 -0.005 0.000 0.001
-0.001 -0.353 0.008 -0.004 0.000 0.001
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-0.002 -0.349 0.008 -0.005 0.001 0.001
-0.001 -0.350 0.008 -0.005 0.000 0.001
-0.002 -0.353 0.009 -0.004 0.000 0.001
-0.001 -0.350 0.008 -0.003 0.000 0.001
-0.002 -0.346 0.008 -0.005 0.001 0.001
-0.001 -0.346 0.007 -0.004 0.000 0.001
-0.002 -0.349 0.008 -0.005 0.000 0.001
-0.001 -0.350 0.008 -0.004 0.000 0.001
-0.001 -0.349 0.008 -0.004 0.000 0.001
0.001 -0.360 0.010 -0.005 -0.001 0.001
-0.001 -0.353 0.009 -0.004 0.000 0.001
-0.001 -0.352 0.008 -0.004 0.000 0.001
-0.002 -0.357 0.011 -0.004 0.000 0.001
-0.002 -0.355 0.009 -0.005 -0.001 0.001
-0.002 -0.347 0.008 -0.004 0.000 0.001
-0.002 -0.348 0.008 -0.004 0.001 0.001
-0.003 -0.349 0.008 -0.005 0.000 0.001
-0.001 -0.353 0.008 -0.003 0.000 0.001
-0.002 -0.354 0.009 -0.004 0.000 0.001
-0.002 -0.357 0.009 -0.003 0.000 0.001
-0.004 -0.358 0.009 -0.004 0.000 0.001
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C.5 Positive Lift Test Data
Table C.5: Positive Lift Test Data
Drag Side Lift Roll Pitch Yaw
0.010 -0.013 0.979 -0.004 -0.009 -0.001
0.004 -0.010 0.948 -0.008 -0.009 0.000
0.001 -0.009 0.964 -0.009 -0.009 0.000
0.001 -0.010 0.951 -0.010 -0.008 0.000
0.000 -0.011 0.955 -0.012 -0.008 0.000
-0.002 -0.012 0.954 -0.012 -0.009 0.000
-0.001 -0.012 0.957 -0.014 -0.010 0.000
0.000 -0.012 0.949 -0.018 -0.015 0.000
-0.002 -0.013 0.951 -0.015 -0.009 0.000
-0.002 -0.013 0.949 -0.015 -0.010 0.000
-0.002 -0.012 0.948 -0.014 -0.010 0.000
-0.003 -0.012 0.947 -0.012 -0.010 -0.001
-0.004 -0.014 0.948 -0.018 -0.009 0.000
-0.004 -0.014 0.956 -0.015 -0.010 -0.001
-0.006 -0.013 0.952 -0.017 -0.009 0.000
-0.006 -0.014 0.972 -0.014 -0.009 0.000
-0.006 -0.013 0.963 -0.017 -0.015 0.000
-0.007 -0.013 0.974 -0.018 -0.010 0.000
-0.008 -0.011 0.970 -0.017 -0.011 0.000
-0.010 -0.012 0.973 -0.016 -0.010 0.000
-0.010 -0.011 0.974 -0.014 -0.010 0.000
-0.011 -0.011 0.973 -0.015 -0.011 0.000
-0.010 -0.010 0.968 -0.015 -0.010 0.000
-0.009 -0.023 0.969 -0.037 0.001 -0.002
-0.010 -0.011 0.966 -0.015 -0.011 0.000
-0.010 -0.011 0.961 -0.016 -0.011 0.000
-0.010 -0.009 0.955 -0.019 -0.012 0.000
-0.009 -0.009 0.956 -0.017 -0.016 0.000
-0.010 -0.011 0.955 -0.016 -0.010 0.000
-0.010 -0.010 0.952 -0.017 -0.011 0.000
-0.011 -0.009 0.956 -0.015 -0.011 0.000
-0.010 -0.010 0.960 -0.019 -0.019 0.000
-0.010 -0.011 0.967 -0.016 -0.011 0.000
-0.010 -0.011 0.961 -0.018 -0.013 0.000
-0.010 -0.011 0.961 -0.018 -0.011 0.000
-0.009 -0.010 0.959 -0.019 -0.013 0.000
-0.009 -0.010 0.961 -0.020 -0.012 0.000
-0.009 -0.011 0.957 -0.018 -0.012 0.000
-0.009 -0.009 0.951 -0.016 -0.009 0.000
-0.009 -0.008 0.946 -0.015 -0.011 0.000
-0.009 -0.009 0.947 -0.014 -0.010 0.000
-0.008 -0.009 0.963 -0.015 -0.015 0.001
-0.009 -0.010 0.949 -0.016 -0.012 0.000
-0.010 -0.010 0.949 -0.016 -0.011 0.000
-0.010 -0.010 0.953 -0.014 -0.010 0.000
97
Table C.5 – continued from previous page
Drag Side Lift Roll Pitch Yaw
-0.010 -0.010 0.956 -0.015 -0.009 0.000
-0.010 -0.011 0.958 -0.019 -0.008 0.001
-0.010 -0.011 0.964 -0.014 -0.010 0.000
-0.010 -0.011 0.967 -0.014 -0.010 0.001
-0.011 -0.012 0.964 -0.015 -0.010 0.000
-0.011 -0.011 0.965 -0.015 -0.010 0.000
-0.011 -0.011 0.963 -0.018 -0.010 0.000
-0.010 -0.012 0.962 -0.017 -0.016 0.000
-0.010 -0.011 0.959 -0.017 -0.013 0.000
-0.009 -0.011 0.961 -0.018 -0.013 0.000
-0.009 -0.013 0.962 -0.019 -0.014 0.000
-0.009 -0.014 0.982 -0.019 -0.013 0.000
-0.009 -0.012 0.957 -0.020 -0.014 0.000
-0.009 -0.013 0.959 -0.020 -0.014 0.000
-0.009 -0.012 0.968 -0.020 -0.013 0.000
-0.009 -0.013 0.958 -0.021 -0.015 0.000
-0.009 -0.012 0.957 -0.020 -0.015 0.000
-0.009 -0.012 0.957 -0.020 -0.016 0.000
-0.009 -0.011 0.958 -0.022 -0.014 0.000
-0.009 -0.011 0.958 -0.021 -0.016 0.000
-0.009 -0.012 0.968 -0.020 -0.016 0.000
-0.009 -0.013 0.963 -0.020 -0.016 0.000
-0.009 -0.012 0.962 -0.020 -0.015 0.000
-0.009 -0.011 0.965 -0.021 -0.015 0.000
-0.009 -0.013 0.962 -0.021 -0.015 0.000
-0.008 -0.012 0.963 -0.022 -0.016 0.000
-0.008 -0.013 0.959 -0.022 -0.016 0.000
-0.009 -0.012 0.965 -0.022 -0.016 0.000
-0.009 -0.013 0.958 -0.022 -0.017 0.000
-0.010 -0.014 0.955 -0.022 -0.017 0.000
-0.010 -0.015 0.952 -0.022 -0.017 0.000
-0.010 -0.014 0.957 -0.021 -0.016 0.000
-0.010 -0.013 0.953 -0.022 -0.015 0.000
-0.010 -0.013 0.950 -0.022 -0.017 0.000
-0.009 -0.013 0.945 -0.023 -0.017 0.000
-0.009 -0.013 0.942 -0.024 -0.015 0.000
-0.010 -0.014 0.949 -0.024 -0.015 0.000
-0.010 -0.014 0.956 -0.025 -0.015 -0.001
-0.010 -0.009 0.950 -0.024 -0.014 0.000
-0.010 -0.012 0.952 -0.025 -0.018 0.000
-0.010 -0.014 0.957 -0.024 -0.018 0.000
-0.010 -0.014 0.970 -0.026 -0.017 0.000
-0.009 -0.016 0.968 -0.028 -0.017 0.000
-0.009 -0.014 0.964 -0.025 -0.019 0.000
-0.009 -0.014 0.967 -0.024 -0.019 0.000
-0.010 -0.014 0.968 -0.025 -0.019 0.000
-0.009 -0.014 0.965 -0.024 -0.020 0.000
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Drag Side Lift Roll Pitch Yaw
-0.009 -0.014 0.969 -0.025 -0.019 0.000
-0.009 -0.014 0.966 -0.024 -0.020 0.000
-0.009 -0.017 0.964 -0.025 -0.019 0.000
-0.009 -0.016 0.965 -0.024 -0.020 -0.001
-0.009 -0.015 0.965 -0.026 -0.019 0.000
-0.008 -0.015 0.963 -0.021 -0.019 0.000
-0.008 -0.015 0.956 -0.026 -0.018 0.000
-0.009 -0.014 0.957 -0.019 -0.020 -0.001
C.6 Negative Lift Test Data
Table C.6: Negative Lift Test Data
Drag Side Lift Roll Pitch Yaw
-0.016 -0.013 -1.015 0.038 -0.014 0.000
-0.008 -0.004 -1.020 -0.002 0.023 -0.001
-0.008 -0.010 -1.012 -0.042 0.010 -0.001
-0.008 -0.014 -1.012 -0.015 0.027 -0.001
-0.011 0.009 -1.034 -0.024 0.044 -0.001
-0.010 -0.005 -1.012 0.049 -0.041 0.000
-0.002 0.007 -1.042 0.062 0.001 0.000
-0.020 -0.009 -1.037 -0.023 0.032 -0.001
-0.018 -0.011 -1.037 0.005 0.029 -0.001
-0.007 -0.009 -1.017 -0.021 0.019 -0.001
-0.008 -0.012 -1.021 0.002 0.044 -0.001
-0.007 -0.011 -1.038 0.064 -0.001 -0.001
-0.012 0.002 -1.040 -0.020 0.032 -0.001
-0.008 -0.012 -1.027 -0.012 0.034 -0.001
-0.009 -0.016 -1.018 -0.024 0.026 -0.002
-0.006 0.002 -1.043 -0.028 0.048 -0.001
-0.008 -0.003 -1.043 0.065 -0.027 -0.001
-0.012 -0.003 -1.029 -0.100 0.035 -0.001
-0.009 -0.004 -1.058 0.040 0.035 -0.001
-0.015 -0.016 -1.036 -0.068 0.017 -0.002
-0.015 -0.008 -1.023 -0.109 -0.011 -0.002
-0.017 0.007 -1.046 0.070 -0.037 0.000
-0.016 -0.012 -1.035 0.012 -0.001 -0.001
-0.008 -0.005 -1.038 -0.027 0.058 -0.002
-0.020 -0.010 -1.012 0.061 0.023 -0.001
-0.011 -0.012 -1.012 0.049 0.052 -0.001
-0.009 -0.010 -1.020 0.074 0.016 -0.001
-0.012 -0.007 -1.031 0.054 0.012 -0.001
-0.017 -0.007 -1.037 0.038 0.023 -0.001
-0.006 0.014 -1.039 0.034 -0.032 -0.003
-0.022 -0.012 -1.029 0.072 -0.041 -0.001
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-0.016 -0.006 -1.034 0.013 0.014 -0.001
-0.007 0.009 -1.035 0.091 0.038 0.000
-0.012 -0.002 -1.038 0.059 0.013 0.000
-0.014 -0.003 -1.046 0.083 -0.001 -0.001
-0.008 -0.004 -1.032 0.085 -0.023 0.000
-0.013 -0.008 -1.038 0.017 0.010 -0.001
-0.008 -0.011 -1.058 0.042 -0.014 -0.001
-0.016 -0.005 -1.046 0.131 0.038 -0.001
-0.018 -0.019 -1.035 0.047 0.063 -0.002
-0.011 0.016 -1.029 0.060 0.059 0.000
-0.010 -0.009 -1.034 0.026 -0.017 -0.001
-0.019 -0.006 -1.037 0.060 0.053 -0.001
-0.025 -0.024 -1.021 0.059 0.024 -0.002
-0.013 -0.003 -1.040 0.061 0.053 -0.001
-0.010 0.001 -1.045 -0.017 0.027 -0.001
-0.013 0.019 -1.033 0.156 -0.004 0.001
-0.012 -0.020 -1.061 -0.006 0.088 -0.002
-0.006 -0.008 -1.022 0.024 0.095 -0.002
-0.015 0.011 -1.022 0.004 0.014 0.000
-0.010 -0.006 -1.017 0.060 0.041 -0.001
-0.015 -0.008 -1.056 -0.042 0.031 -0.001
-0.007 -0.011 -1.026 0.032 0.040 -0.001
-0.012 -0.011 -1.020 0.095 0.056 -0.001
-0.013 -0.016 -1.023 0.020 0.002 -0.001
-0.001 0.000 -1.035 0.036 0.067 -0.001
-0.015 0.002 -1.033 0.062 0.006 -0.001
-0.006 -0.003 -1.045 0.077 0.085 -0.001
-0.008 -0.008 -1.033 0.006 0.050 -0.001
-0.011 -0.015 -1.027 -0.002 0.045 -0.002
-0.010 0.010 -1.032 0.053 0.037 0.000
-0.008 0.009 -1.062 0.130 0.038 0.000
-0.014 0.000 -1.042 0.031 0.100 -0.001
-0.010 -0.011 -1.020 0.075 0.031 -0.001
-0.009 -0.010 -1.020 0.047 -0.002 -0.001
-0.009 0.004 -1.032 0.178 -0.010 0.000
-0.012 -0.006 -1.043 0.102 0.014 -0.001
-0.012 0.005 -1.042 0.138 0.004 0.000
-0.007 0.009 -1.043 0.142 -0.020 -0.001
-0.010 -0.006 -1.046 0.044 -0.015 -0.001
-0.021 -0.013 -1.031 0.005 -0.040 -0.001
-0.015 0.014 -1.024 0.102 0.001 0.000
-0.012 0.016 -1.040 0.067 0.030 0.000
-0.006 -0.005 -1.059 0.084 -0.019 0.000
-0.012 -0.005 -1.069 0.029 0.034 -0.001
-0.009 0.008 -1.052 0.075 0.075 0.000
-0.009 -0.003 -1.023 0.079 0.064 -0.001
-0.010 0.015 -1.058 0.049 0.042 0.000
-0.012 -0.008 -1.055 -0.085 0.058 -0.002
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-0.011 -0.002 -1.050 0.023 0.046 -0.001
-0.004 -0.003 -1.046 0.025 0.015 -0.001
-0.015 -0.011 -1.041 -0.019 0.000 -0.001
-0.015 -0.001 -1.058 0.024 0.057 -0.001
-0.014 -0.004 -1.058 0.122 0.041 -0.001
-0.015 -0.009 -1.057 0.119 0.049 -0.001
-0.010 -0.004 -1.013 0.120 0.043 -0.001
-0.010 -0.011 -1.017 0.071 0.029 -0.001
-0.010 -0.010 -1.021 -0.030 0.066 -0.001
-0.015 -0.003 -1.027 0.084 0.024 -0.001
-0.010 0.009 -1.053 0.094 0.038 0.000
-0.007 0.008 -1.061 0.085 0.081 -0.001
-0.018 0.008 -1.034 0.032 0.066 0.000
-0.005 0.012 -1.071 0.101 0.034 0.000
-0.010 -0.004 -1.064 0.057 -0.004 -0.001
-0.014 -0.007 -1.040 0.070 0.001 -0.001
-0.011 0.008 -1.079 0.106 0.027 0.000
-0.015 0.010 -1.050 0.095 -0.024 0.000
-0.010 0.005 -1.070 0.128 0.048 -0.001
-0.006 -0.002 -1.071 0.082 0.042 -0.001
-0.009 -0.010 -1.036 0.047 -0.009 -0.001
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C.7 Positive Roll Test Data
Table C.7: Positive Roll Test Data
Drag Side Lift Roll Pitch Yaw
0.001 -0.013 -0.043 2.627 0.033 -0.009
0.002 -0.013 -0.047 2.650 0.030 -0.023
0.003 -0.010 -0.026 2.651 0.032 -0.023
0.004 -0.012 -0.035 2.647 0.032 -0.022
0.003 -0.006 -0.053 2.646 0.032 -0.023
0.003 -0.008 -0.030 2.647 0.032 -0.023
0.004 -0.008 0.002 2.645 0.033 -0.022
0.002 -0.005 -0.038 2.646 0.031 -0.022
0.002 -0.016 -0.068 2.644 0.029 -0.023
0.002 -0.009 0.010 2.645 0.033 -0.022
0.004 -0.008 0.003 2.642 0.032 -0.022
0.004 -0.005 -0.005 2.661 0.032 -0.021
0.003 -0.008 -0.041 2.659 0.032 -0.022
0.007 -0.006 -0.001 2.660 0.030 -0.021
0.000 -0.005 -0.068 2.655 0.030 -0.022
0.006 -0.005 0.004 2.658 0.031 -0.022
0.005 -0.003 -0.061 2.653 0.031 -0.021
0.003 -0.007 -0.012 2.654 0.030 -0.021
0.004 -0.006 0.010 2.650 0.032 -0.021
0.004 -0.008 -0.029 2.650 0.031 -0.022
0.005 -0.009 -0.005 2.649 0.030 -0.022
0.004 -0.005 -0.014 2.645 0.032 -0.021
0.005 -0.006 0.020 2.647 0.031 -0.021
0.002 -0.003 -0.074 2.645 0.031 -0.021
0.005 -0.004 0.001 2.649 0.032 -0.021
-0.001 -0.007 -0.037 2.650 0.032 -0.022
0.006 -0.007 -0.031 2.652 0.032 -0.022
0.004 -0.007 -0.013 2.651 0.032 -0.022
0.001 -0.007 -0.053 2.647 0.030 -0.023
0.004 -0.004 -0.055 2.649 0.030 -0.022
0.004 -0.002 -0.043 2.652 0.031 -0.021
0.003 -0.005 0.001 2.652 0.033 -0.022
0.004 -0.005 0.008 2.656 0.033 -0.021
0.004 -0.004 -0.039 2.659 0.032 -0.022
0.003 -0.006 -0.046 2.662 0.032 -0.021
0.000 -0.011 -0.028 2.662 0.030 -0.022
0.002 -0.009 -0.018 2.662 0.032 -0.022
0.004 -0.006 -0.046 2.664 0.031 -0.022
0.003 -0.005 -0.046 2.662 0.031 -0.023
0.004 -0.007 0.001 2.661 0.033 -0.022
0.004 -0.007 -0.002 2.659 0.033 -0.022
0.001 -0.008 -0.022 2.657 0.032 -0.022
0.006 -0.008 -0.004 2.660 0.033 -0.022
0.004 -0.007 -0.016 2.656 0.032 -0.022
0.000 -0.007 -0.036 2.653 0.032 -0.022
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Drag Side Lift Roll Pitch Yaw
0.001 -0.007 -0.041 2.651 0.031 -0.022
0.006 -0.009 0.012 2.649 0.033 -0.021
0.005 -0.007 0.033 2.647 0.035 -0.021
0.005 -0.007 -0.026 2.646 0.033 -0.021
0.005 -0.005 -0.030 2.645 0.033 -0.021
0.005 -0.007 -0.026 2.650 0.032 -0.021
0.005 -0.005 -0.031 2.647 0.032 -0.022
0.004 -0.007 0.005 2.648 0.034 -0.021
0.005 -0.006 0.054 2.650 0.035 -0.021
0.005 -0.008 0.023 2.650 0.033 -0.021
0.006 -0.006 0.006 2.654 0.032 -0.021
0.005 -0.006 -0.012 2.657 0.033 -0.020
0.005 -0.004 -0.038 2.657 0.032 -0.021
0.002 -0.008 -0.015 2.658 0.033 -0.020
0.003 -0.008 -0.014 2.660 0.032 -0.021
0.006 -0.005 0.049 2.661 0.035 -0.020
0.006 -0.006 0.016 2.662 0.032 -0.020
0.004 -0.007 0.042 2.665 0.034 -0.019
0.004 -0.006 -0.005 2.666 0.033 -0.019
0.004 -0.006 0.017 2.667 0.035 -0.020
0.006 -0.002 -0.019 2.667 0.033 -0.020
0.006 -0.007 -0.026 2.669 0.031 -0.020
0.006 -0.006 -0.006 2.668 0.033 -0.020
0.005 -0.007 0.001 2.668 0.033 -0.020
0.006 -0.006 -0.017 2.671 0.033 -0.020
0.005 -0.005 -0.017 2.671 0.033 -0.020
0.003 -0.005 -0.056 2.674 0.032 -0.020
0.003 -0.004 -0.047 2.676 0.031 -0.020
0.005 -0.005 -0.003 2.672 0.034 -0.020
0.005 -0.005 0.019 2.674 0.033 -0.020
0.004 -0.006 0.020 2.669 0.033 -0.020
0.005 -0.006 0.028 2.666 0.034 -0.019
0.000 -0.003 -0.041 2.666 0.031 -0.020
0.005 -0.008 0.011 2.661 0.033 -0.020
0.001 -0.009 -0.038 2.658 0.031 -0.020
0.005 -0.006 0.028 2.657 0.034 -0.019
0.005 -0.006 0.001 2.656 0.032 -0.020
0.006 -0.005 -0.017 2.654 0.033 -0.020
0.005 -0.006 0.011 2.651 0.033 -0.020
0.005 -0.005 0.024 2.652 0.034 -0.019
0.005 -0.004 -0.050 2.649 0.033 -0.020
0.002 -0.004 -0.026 2.650 0.033 -0.020
0.004 -0.005 -0.068 2.648 0.031 -0.020
0.004 -0.008 0.020 2.647 0.034 -0.020
0.001 -0.008 -0.021 2.648 0.032 -0.020
0.001 -0.007 -0.086 2.641 0.031 -0.020
0.005 -0.008 -0.033 2.641 0.032 -0.019
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0.005 -0.006 -0.035 2.643 0.032 -0.021
0.006 -0.006 -0.014 2.643 0.031 -0.020
0.004 -0.009 -0.017 2.643 0.032 -0.020
0.004 -0.004 -0.046 2.639 0.032 -0.020
0.005 -0.008 0.026 2.641 0.033 -0.020
0.006 -0.005 0.021 2.642 0.033 -0.020
0.002 -0.008 -0.076 2.638 0.031 -0.020
0.006 -0.009 -0.008 2.636 0.033 -0.020
C.8 Negative Roll Test Data
Table C.8: Negative Roll Test Data
Drag Side Lift Roll Pitch Yaw
-0.007 0.004 -0.062 -2.567 -0.016 -0.004
-0.006 0.007 0.035 -2.570 -0.013 -0.002
-0.004 0.004 0.034 -2.572 -0.012 0.001
-0.006 0.004 0.079 -2.563 -0.011 -0.002
-0.006 0.004 -0.060 -2.566 -0.015 -0.001
-0.006 0.002 -0.035 -2.569 -0.014 0.000
-0.008 0.007 -0.049 -2.560 -0.014 -0.002
-0.006 0.003 0.043 -2.556 -0.012 -0.001
-0.006 0.004 -0.015 -2.562 -0.015 0.000
-0.005 0.002 -0.007 -2.551 -0.014 -0.006
-0.007 0.002 -0.044 -2.547 -0.015 -0.007
-0.004 0.007 0.050 -2.543 -0.012 -0.006
-0.006 0.006 0.023 -2.548 -0.013 -0.005
-0.005 0.000 -0.064 -2.552 -0.015 -0.004
-0.006 0.013 -0.074 -2.553 -0.015 -0.004
-0.005 0.004 0.025 -2.546 -0.014 -0.007
-0.005 0.012 -0.020 -2.544 -0.014 -0.007
-0.005 0.002 0.020 -2.549 -0.012 -0.005
-0.006 0.005 -0.083 -2.553 -0.016 -0.005
-0.006 0.005 -0.061 -2.556 -0.015 -0.005
-0.006 0.002 -0.011 -2.553 -0.015 -0.006
-0.006 0.003 0.018 -2.560 -0.012 -0.002
-0.005 0.001 -0.028 -2.563 -0.014 -0.001
-0.003 0.005 0.051 -2.549 -0.013 -0.007
-0.006 0.004 -0.073 -2.556 -0.017 -0.006
-0.005 0.004 0.017 -2.562 -0.013 -0.004
-0.006 0.004 -0.042 -2.563 -0.015 -0.006
-0.005 0.003 0.043 -2.569 -0.013 -0.003
-0.005 0.002 0.049 -2.564 -0.013 -0.006
-0.007 0.001 -0.044 -2.571 -0.014 -0.004
-0.006 0.003 0.027 -2.573 -0.012 -0.002
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-0.006 0.002 0.009 -2.577 -0.013 -0.001
-0.005 0.003 -0.006 -2.575 -0.013 -0.002
-0.005 0.002 -0.020 -2.576 -0.014 -0.002
-0.004 0.003 0.025 -2.575 -0.013 -0.001
-0.004 0.007 0.036 -2.572 -0.012 -0.003
-0.006 0.002 -0.061 -2.563 -0.016 -0.006
-0.005 0.003 -0.021 -2.565 -0.014 -0.006
-0.006 0.002 -0.027 -2.567 -0.013 -0.002
-0.007 0.003 -0.035 -2.559 -0.016 -0.004
-0.007 0.004 -0.034 -2.557 -0.014 -0.005
-0.007 0.019 -0.085 -2.568 -0.013 0.000
-0.005 0.000 -0.009 -2.562 -0.013 -0.002
-0.006 0.005 -0.045 -2.557 -0.014 -0.005
-0.005 0.013 -0.049 -2.560 -0.013 -0.002
-0.005 0.013 -0.062 -2.560 -0.013 -0.004
-0.006 0.003 -0.044 -2.562 -0.014 -0.003
-0.006 0.004 -0.063 -2.552 -0.015 -0.007
-0.003 0.002 0.098 -2.558 -0.012 -0.005
-0.007 0.005 -0.078 -2.574 -0.014 0.000
-0.008 0.005 -0.070 -2.572 -0.013 0.000
-0.007 0.004 -0.045 -2.576 -0.012 0.000
-0.006 0.016 -0.059 -2.572 -0.013 -0.002
-0.007 0.004 -0.064 -2.570 -0.014 -0.003
-0.007 0.003 -0.044 -2.575 -0.013 -0.002
-0.007 0.002 0.012 -2.579 -0.012 -0.001
-0.006 0.002 -0.003 -2.578 -0.014 -0.003
-0.006 0.002 0.029 -2.576 -0.012 -0.004
-0.006 0.003 0.019 -2.583 -0.012 -0.003
-0.003 0.003 0.059 -2.577 -0.012 -0.003
-0.006 0.004 0.008 -2.585 -0.012 -0.002
-0.005 0.002 0.068 -2.592 -0.011 -0.001
-0.006 0.002 -0.040 -2.592 -0.013 -0.002
-0.006 0.003 -0.018 -2.595 -0.015 -0.003
-0.006 0.004 -0.012 -2.595 -0.013 -0.002
-0.004 0.002 0.039 -2.589 -0.012 -0.002
-0.004 0.002 0.059 -2.584 -0.013 -0.004
-0.006 0.000 0.007 -2.581 -0.014 -0.006
-0.005 0.002 0.036 -2.587 -0.012 -0.002
-0.007 0.015 -0.073 -2.585 -0.014 -0.002
-0.003 0.005 0.060 -2.569 -0.012 -0.009
-0.007 0.000 -0.040 -2.574 -0.014 -0.005
-0.006 0.017 -0.066 -2.578 -0.013 -0.003
-0.004 0.004 0.053 -2.570 -0.012 -0.005
-0.004 0.003 0.015 -2.562 -0.014 -0.008
-0.006 0.001 -0.020 -2.571 -0.013 -0.003
-0.007 0.005 -0.067 -2.574 -0.014 -0.003
0.000 0.025 -0.028 -2.571 -0.022 -0.010
-0.005 0.020 0.001 -2.570 -0.021 -0.007
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-0.002 0.017 -0.041 -2.562 -0.025 -0.012
-0.003 0.016 -0.011 -2.563 -0.025 -0.013
-0.002 0.023 -0.057 -2.567 -0.027 -0.012
-0.002 0.022 -0.025 -2.565 -0.025 -0.011
-0.002 0.017 -0.014 -2.562 -0.023 -0.011
-0.004 0.018 -0.024 -2.566 -0.024 -0.012
-0.003 0.023 -0.052 -2.563 -0.027 -0.014
-0.001 0.023 -0.063 -2.563 -0.026 -0.014
-0.004 0.024 -0.037 -2.564 -0.025 -0.013
-0.003 0.019 0.027 -2.570 -0.022 -0.012
-0.003 0.023 -0.055 -2.571 -0.025 -0.013
-0.003 0.019 0.002 -2.570 -0.024 -0.012
-0.003 0.018 -0.041 -2.571 -0.025 -0.012
-0.003 0.016 0.044 -2.572 -0.023 -0.011
-0.003 0.020 0.004 -2.576 -0.024 -0.011
-0.002 0.024 -0.026 -2.577 -0.024 -0.010
-0.003 0.023 -0.021 -2.576 -0.025 -0.012
-0.003 0.021 -0.036 -2.575 -0.025 -0.012
-0.003 0.018 0.044 -2.576 -0.023 -0.013
-0.003 0.021 0.009 -2.575 -0.025 -0.014
-0.003 0.023 -0.012 -2.580 -0.025 -0.012
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C.9 Positive Pitch Test Data
Table C.9: Positive Pitch Test Data
Drag Side Lift Roll Pitch Yaw
0.003 -0.007 0.031 -0.043 3.577 -0.011
-0.003 -0.001 -0.041 -0.059 3.578 -0.008
-0.002 -0.002 -0.015 -0.057 3.573 -0.009
0.002 -0.001 -0.003 -0.061 3.575 -0.007
0.001 0.000 -0.008 -0.052 3.569 -0.004
0.002 0.001 0.006 -0.039 3.561 -0.007
-0.002 0.004 -0.072 -0.051 3.559 -0.009
0.001 0.001 -0.011 -0.036 3.553 -0.010
0.002 -0.001 -0.020 -0.055 3.560 -0.008
-0.003 0.006 -0.048 -0.048 3.557 -0.009
0.000 0.000 -0.019 -0.037 3.556 -0.009
-0.001 -0.001 -0.057 -0.052 3.559 -0.010
0.004 -0.006 0.034 -0.049 3.566 -0.008
0.005 0.001 0.043 -0.021 3.554 -0.010
-0.002 0.002 -0.065 -0.045 3.560 -0.010
0.000 0.000 -0.035 -0.043 3.578 -0.008
0.000 0.000 -0.025 -0.041 3.576 -0.011
-0.005 0.005 -0.045 -0.042 3.580 -0.010
-0.002 0.000 -0.026 -0.046 3.583 -0.010
0.001 0.000 0.034 -0.043 3.587 -0.011
0.000 -0.001 -0.033 -0.052 3.591 -0.009
-0.001 -0.001 -0.010 -0.052 3.595 -0.008
0.006 -0.001 0.047 -0.053 3.593 -0.008
-0.002 0.001 -0.038 -0.046 3.583 -0.011
0.000 0.000 0.025 -0.064 3.606 -0.006
0.002 -0.002 -0.030 -0.042 3.587 -0.011
0.002 0.000 0.002 -0.037 3.584 -0.011
-0.003 0.010 -0.060 -0.029 3.579 -0.012
0.000 -0.003 0.008 -0.059 3.592 -0.007
0.000 0.001 0.025 -0.062 3.591 -0.007
0.000 0.005 -0.001 -0.030 3.576 -0.011
-0.004 0.010 -0.055 -0.030 3.572 -0.011
0.002 -0.002 -0.009 -0.044 3.575 -0.011
0.002 0.001 0.033 -0.050 3.581 -0.008
0.000 0.000 -0.014 -0.035 3.570 -0.011
0.001 0.000 -0.040 -0.046 3.574 -0.010
0.003 0.001 0.006 -0.051 3.586 -0.009
0.002 0.001 0.032 -0.049 3.588 -0.009
-0.004 0.003 -0.049 -0.058 3.587 -0.008
0.000 0.003 -0.049 -0.030 3.577 -0.010
0.001 0.002 0.027 -0.051 3.588 -0.010
-0.002 0.006 -0.047 -0.048 3.582 -0.010
0.002 -0.009 0.046 -0.054 3.588 -0.009
0.002 -0.001 0.010 -0.065 3.590 -0.007
0.000 0.001 -0.008 -0.053 3.587 -0.009
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Drag Side Lift Roll Pitch Yaw
-0.002 0.003 -0.033 -0.020 3.571 -0.010
0.003 -0.004 0.040 -0.065 3.590 -0.009
0.001 0.000 -0.001 -0.055 3.579 -0.010
0.000 0.001 0.015 -0.032 3.566 -0.011
0.000 0.001 -0.015 -0.050 3.566 -0.010
0.000 0.002 0.001 -0.060 3.572 -0.008
0.001 0.000 -0.007 -0.037 3.556 -0.011
0.001 0.001 0.006 -0.051 3.568 -0.009
0.002 0.001 -0.006 -0.043 3.560 -0.013
-0.002 -0.001 -0.002 -0.064 3.575 -0.008
0.002 -0.001 0.009 -0.055 3.574 -0.010
-0.002 0.001 -0.049 -0.055 3.577 -0.009
0.000 0.001 -0.018 -0.045 3.574 -0.012
-0.002 0.003 -0.036 -0.045 3.576 -0.013
0.004 -0.004 0.064 -0.044 3.582 -0.011
0.003 0.001 0.041 -0.042 3.583 -0.011
0.002 -0.002 0.044 -0.059 3.595 -0.009
0.006 -0.002 0.045 -0.057 3.596 -0.010
0.001 0.000 0.038 -0.066 3.597 -0.008
0.001 0.000 0.041 -0.046 3.598 -0.009
-0.001 -0.001 0.020 -0.057 3.601 -0.011
0.001 0.001 0.026 -0.063 3.607 -0.009
0.004 -0.004 0.071 -0.050 3.601 -0.010
0.001 0.001 0.003 -0.058 3.599 -0.010
0.001 0.001 0.003 -0.044 3.588 -0.012
0.004 -0.005 0.044 -0.064 3.600 -0.008
0.006 -0.004 0.045 -0.061 3.592 -0.009
-0.001 -0.001 -0.041 -0.055 3.579 -0.011
-0.003 -0.001 -0.031 -0.064 3.579 -0.009
0.002 0.000 0.037 -0.053 3.573 -0.008
0.000 0.001 -0.003 -0.056 3.567 -0.008
-0.003 0.004 -0.061 -0.046 3.564 -0.005
0.004 -0.002 0.039 -0.045 3.560 -0.006
0.002 -0.001 0.022 -0.054 3.561 -0.005
0.000 -0.001 -0.023 -0.059 3.561 -0.006
0.000 -0.001 -0.015 -0.040 3.554 -0.009
-0.001 0.006 -0.049 -0.038 3.553 -0.006
0.001 0.000 0.034 -0.053 3.563 -0.007
0.001 -0.002 -0.002 -0.038 3.556 -0.010
0.000 0.001 0.010 -0.053 3.572 -0.008
0.002 0.000 0.024 -0.048 3.573 -0.009
0.000 0.000 0.007 -0.048 3.575 -0.010
0.002 0.000 0.016 -0.065 3.592 -0.008
-0.002 0.004 -0.005 -0.063 3.594 -0.007
0.005 -0.007 0.056 -0.046 3.594 -0.010
0.003 -0.001 0.051 -0.053 3.598 -0.011
0.003 -0.001 0.059 -0.058 3.602 -0.010
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Drag Side Lift Roll Pitch Yaw
-0.002 -0.003 0.008 -0.056 3.607 -0.008
-0.002 0.002 -0.046 -0.056 3.599 -0.011
0.000 -0.002 0.020 -0.065 3.602 -0.009
0.003 -0.001 0.022 -0.058 3.599 -0.010
0.000 0.000 -0.036 -0.065 3.601 -0.008
0.000 0.001 0.013 -0.064 3.599 -0.008
0.001 0.000 0.048 -0.055 3.594 -0.007
-0.002 -0.002 -0.015 -0.057 3.573 -0.009
C.10 Negative Pitch Test Data
Table C.10: Negative Pitch Test Data
Drag Side Lift Roll Pitch Yaw
0.009 0.003 0.008 0.036 -3.514 0.008
0.008 0.008 0.001 0.034 -3.507 -0.027
0.004 0.005 0.015 0.045 -3.501 -0.009
0.006 0.002 0.042 0.035 -3.498 -0.005
0.001 0.001 -0.053 0.034 -3.499 -0.005
-0.001 0.000 -0.055 0.032 -3.497 -0.005
0.001 0.002 -0.052 0.030 -3.492 -0.004
-0.001 0.004 -0.061 0.032 -3.488 -0.005
-0.003 0.006 -0.069 0.065 -3.501 -0.018
0.001 0.001 -0.062 0.029 -3.489 -0.004
0.003 0.004 -0.007 0.034 -3.500 -0.005
0.001 0.003 -0.036 0.030 -3.506 -0.003
0.002 0.003 -0.049 0.032 -3.508 -0.004
0.000 0.005 -0.036 0.031 -3.506 -0.003
-0.001 0.005 -0.019 0.038 -3.514 -0.006
-0.001 0.003 -0.060 0.040 -3.512 -0.008
0.003 0.005 -0.025 0.030 -3.511 -0.004
0.001 0.001 -0.063 0.029 -3.514 -0.003
-0.003 -0.001 -0.058 0.027 -3.503 -0.002
0.006 0.005 0.019 0.029 -3.496 -0.002
0.000 0.003 -0.057 0.040 -3.497 -0.009
0.002 0.002 -0.042 0.032 -3.496 -0.003
0.003 0.004 0.017 0.031 -3.486 -0.003
0.002 0.003 0.001 0.034 -3.488 -0.004
0.003 0.003 -0.026 0.032 -3.489 -0.004
0.003 0.002 0.016 0.028 -3.491 -0.003
0.004 0.003 -0.004 0.038 -3.496 -0.007
0.001 0.001 -0.054 0.028 -3.495 -0.003
0.004 0.003 0.009 0.032 -3.502 -0.004
0.004 0.003 -0.002 0.031 -3.503 -0.004
0.002 -0.004 0.029 0.032 -3.505 -0.004
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Drag Side Lift Roll Pitch Yaw
0.006 0.010 0.055 0.027 -3.505 -0.002
0.003 0.006 -0.057 0.053 -3.514 -0.014
0.000 0.003 -0.002 0.043 -3.510 -0.008
0.005 -0.005 0.024 0.030 -3.509 -0.004
0.000 0.010 -0.042 0.040 -3.507 -0.008
0.002 0.004 0.002 0.029 -3.500 -0.003
0.008 -0.005 0.063 0.031 -3.494 -0.003
0.002 0.005 0.018 0.028 -3.490 -0.003
0.005 -0.006 0.053 0.026 -3.488 -0.001
0.006 -0.007 0.056 0.026 -3.483 -0.002
0.003 0.001 -0.031 0.029 -3.491 -0.003
0.004 -0.010 0.028 0.027 -3.489 -0.002
0.003 0.004 -0.001 0.025 -3.491 -0.002
0.005 0.005 0.015 0.028 -3.493 -0.002
0.001 0.004 -0.041 0.036 -3.505 -0.007
0.001 0.003 -0.041 0.027 -3.503 -0.003
-0.002 0.004 -0.070 0.027 -3.513 -0.003
0.003 0.002 -0.012 0.030 -3.515 -0.002
-0.003 0.005 -0.050 0.029 -3.519 -0.003
0.006 -0.002 0.031 0.043 -3.517 -0.008
0.006 -0.005 0.033 0.027 -3.508 -0.001
0.002 0.002 -0.022 0.031 -3.509 -0.003
-0.003 0.007 -0.077 0.025 -3.506 -0.002
0.000 0.000 -0.071 0.030 -3.503 -0.004
0.001 0.006 -0.042 0.031 -3.491 -0.005
0.004 0.003 -0.014 0.026 -3.491 -0.002
0.000 0.001 -0.061 0.027 -3.498 -0.002
0.005 0.006 -0.004 0.028 -3.495 -0.003
0.001 0.006 -0.012 0.028 -3.495 -0.003
0.002 0.000 -0.017 0.026 -3.504 -0.002
0.004 -0.002 0.010 0.027 -3.508 -0.002
0.006 -0.003 0.042 0.027 -3.514 -0.002
0.003 0.003 -0.012 0.032 -3.515 -0.004
0.003 0.003 -0.044 0.025 -3.514 -0.002
0.004 0.004 0.001 0.027 -3.521 0.000
0.004 0.004 0.017 0.054 -3.521 -0.013
0.003 0.001 -0.018 0.028 -3.515 -0.002
0.007 -0.007 0.037 0.026 -3.510 -0.001
0.003 0.006 0.012 0.024 -3.507 -0.001
0.004 -0.009 -0.001 0.025 -3.503 -0.001
0.004 0.006 0.029 0.027 -3.497 0.000
0.000 0.004 -0.026 0.032 -3.498 -0.003
0.002 -0.003 -0.017 0.026 -3.494 -0.003
0.001 0.003 -0.020 0.024 -3.500 -0.001
0.005 -0.009 0.075 0.028 -3.491 -0.001
0.003 -0.006 0.078 0.027 -3.495 -0.001
0.002 0.004 -0.006 0.032 -3.501 -0.004
0.003 0.003 0.008 0.031 -3.509 -0.002
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Drag Side Lift Roll Pitch Yaw
0.001 0.004 0.014 0.027 -3.507 -0.002
0.005 0.000 0.001 0.026 -3.513 -0.002
-0.002 0.001 -0.054 0.025 -3.517 -0.001
0.002 0.002 0.000 0.026 -3.519 -0.001
-0.001 0.005 -0.064 0.024 -3.515 -0.001
0.004 0.003 0.007 0.050 -3.518 -0.011
0.001 0.003 -0.047 0.029 -3.509 -0.003
0.002 0.005 -0.015 0.050 -3.504 -0.011
0.003 -0.006 -0.011 0.019 -3.502 0.002
0.001 0.003 -0.008 0.023 -3.497 0.001
0.006 -0.012 0.034 0.028 -3.492 -0.002
0.000 0.004 -0.010 0.026 -3.492 -0.002
0.004 0.002 0.035 0.025 -3.498 -0.001
0.004 0.001 0.041 0.030 -3.499 -0.001
0.005 -0.002 0.046 0.030 -3.505 -0.003
0.005 -0.008 0.066 0.029 -3.505 -0.002
0.005 -0.009 0.061 0.028 -3.509 -0.002
0.002 0.004 -0.018 0.026 -3.515 -0.002
0.004 0.004 -0.011 0.028 -3.516 -0.002
0.004 -0.001 0.030 0.031 -3.519 -0.003
0.003 -0.006 0.036 0.029 -3.512 -0.003
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C.11 Yaw Pitch Test Data
Table C.11: Yaw Pitch Test Data
Drag Side Lift Roll Pitch Yaw
-0.009 0.016 0.004 0.116 -0.002 2.590
-0.011 0.073 -0.019 0.083 0.015 2.612
-0.009 0.064 -0.001 0.086 0.010 2.613
-0.009 0.056 0.006 0.089 0.009 2.615
-0.009 0.060 -0.016 0.062 0.011 2.640
-0.009 0.033 0.005 0.072 0.013 2.641
-0.011 0.026 0.015 0.053 0.016 2.650
-0.009 0.069 0.000 0.041 0.017 2.655
-0.009 0.071 -0.026 0.056 0.017 2.649
-0.010 0.068 -0.019 0.047 0.019 2.653
-0.012 0.023 0.006 0.061 0.014 2.643
-0.009 0.065 0.002 0.057 0.016 2.643
-0.009 0.030 -0.036 0.057 0.011 2.635
-0.010 0.062 -0.013 0.051 0.019 2.641
-0.010 0.061 -0.014 0.048 0.019 2.638
-0.009 0.026 0.006 0.069 0.014 2.624
-0.008 0.057 -0.018 0.096 0.006 2.609
-0.009 0.067 -0.010 0.057 0.018 2.625
-0.009 0.066 -0.002 0.057 0.016 2.625
-0.009 0.020 0.006 0.074 0.009 2.612
-0.009 0.064 -0.001 0.048 0.019 2.622
-0.009 0.015 0.007 0.059 0.014 2.618
-0.009 0.061 -0.019 0.067 0.015 2.611
-0.010 0.046 -0.012 0.073 0.014 2.607
-0.009 0.053 0.002 0.068 0.012 2.606
-0.009 0.063 0.001 0.068 0.014 2.605
-0.008 0.061 0.002 0.074 0.015 2.603
-0.007 0.066 -0.012 0.084 0.015 2.601
-0.010 0.035 -0.006 0.086 0.009 2.597
-0.007 0.072 0.002 0.075 0.016 2.603
-0.008 0.068 -0.023 0.070 0.013 2.605
-0.007 0.065 0.001 0.075 0.010 2.600
-0.008 0.051 0.010 0.032 0.017 2.619
-0.009 0.053 0.006 0.062 0.010 2.607
-0.008 0.056 0.003 0.061 0.012 2.607
-0.008 0.054 0.005 0.060 0.011 2.610
-0.008 0.057 0.003 0.072 0.011 2.608
-0.007 0.022 0.007 0.063 0.013 2.615
-0.007 0.059 0.008 0.067 0.009 2.614
-0.007 0.061 0.000 0.080 0.007 2.610
-0.009 0.024 -0.015 0.066 0.014 2.619
-0.008 0.048 0.015 0.073 0.008 2.616
-0.007 0.063 0.001 0.069 0.013 2.623
-0.009 0.050 -0.025 0.037 0.017 2.640
-0.008 0.020 0.006 0.080 0.007 2.620
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Drag Side Lift Roll Pitch Yaw
-0.007 0.063 -0.020 0.078 0.010 2.624
-0.007 0.064 0.001 0.084 0.009 2.626
-0.008 0.067 -0.028 0.041 0.017 2.646
-0.009 0.056 0.000 0.073 0.012 2.636
-0.008 0.066 -0.016 0.071 0.012 2.641
-0.008 0.044 -0.030 0.124 0.003 2.615
-0.008 0.068 -0.026 0.079 0.008 2.634
-0.009 0.037 -0.020 0.112 0.005 2.616
-0.009 0.057 -0.016 0.070 0.012 2.638
-0.009 0.033 -0.011 0.067 0.011 2.637
-0.011 0.015 0.006 0.072 0.008 2.633
-0.008 0.055 0.001 0.087 0.008 2.626
-0.009 0.059 -0.010 0.074 0.012 2.631
-0.001 0.026 -0.027 0.057 0.016 2.638
-0.008 0.056 -0.010 0.070 0.010 2.628
-0.008 0.056 0.004 0.070 0.009 2.627
-0.008 0.061 -0.026 0.064 0.018 2.630
-0.009 0.020 0.009 0.074 0.010 2.624
-0.008 0.054 0.001 0.074 0.010 2.622
-0.006 0.047 0.002 0.081 0.011 2.618
-0.008 0.033 -0.011 0.064 0.016 2.626
-0.008 0.024 0.005 0.068 0.010 2.623
-0.009 0.044 -0.006 0.068 0.012 2.622
-0.009 0.047 0.003 0.065 0.016 2.626
-0.008 0.055 0.001 0.061 0.016 2.626
-0.006 0.062 0.000 0.065 0.013 2.623
-0.008 0.062 -0.012 0.057 0.014 2.626
-0.007 0.061 0.001 0.062 0.012 2.620
-0.006 0.062 0.001 0.071 0.010 2.618
-0.008 0.052 0.001 0.069 0.013 2.621
-0.008 0.028 0.005 0.069 0.016 2.623
-0.005 0.058 0.001 0.075 0.009 2.620
-0.007 0.065 0.000 0.065 0.011 2.626
-0.005 0.050 0.002 0.070 0.009 2.625
-0.007 0.015 0.015 0.061 0.009 2.628
-0.004 0.054 0.001 0.084 0.009 2.622
-0.007 0.057 0.005 0.065 0.012 2.629
-0.005 0.051 -0.011 0.060 0.011 2.631
-0.008 0.047 -0.009 0.053 0.011 2.634
-0.006 0.071 -0.019 0.067 0.011 2.631
-0.005 0.036 -0.023 0.082 0.006 2.619
-0.005 0.060 0.001 0.061 0.010 2.629
-0.007 0.029 -0.007 0.057 0.014 2.630
-0.007 0.061 0.002 0.040 0.017 2.637
-0.006 0.060 0.001 0.055 0.014 2.629
-0.006 0.036 0.004 0.092 0.009 2.612
-0.007 0.067 -0.001 0.069 0.014 2.617
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-0.007 0.066 0.001 0.044 0.019 2.627
-0.006 0.031 0.004 0.052 0.013 2.618
-0.005 0.047 0.002 0.074 0.011 2.609
-0.007 0.061 0.004 0.064 0.011 2.610
-0.007 0.057 0.001 0.064 0.011 2.612
-0.007 0.062 -0.009 0.076 0.008 2.601
-0.004 0.044 0.004 0.085 0.004 2.597
-0.005 0.050 -0.013 0.072 0.008 2.605
C.12 Negative Yaw Test Data
Table C.12: Negative Yaw Test Data
Drag Side Lift Roll Pitch Yaw
-0.001 0.016 -0.003 0.069 0.047 -2.672
0.006 0.019 -0.006 0.110 0.019 -2.698
0.012 0.033 -0.007 0.112 0.018 -2.701
0.006 0.001 0.001 0.118 0.042 -2.688
0.005 0.058 -0.017 0.107 0.015 -2.696
0.003 0.044 0.001 0.113 0.040 -2.680
0.003 0.025 0.001 0.115 0.016 -2.692
0.003 0.022 -0.008 0.116 0.015 -2.690
0.007 0.055 -0.018 0.118 0.032 -2.685
0.006 0.090 -0.017 0.116 0.037 -2.682
0.008 0.039 -0.008 0.114 0.014 -2.696
0.006 0.082 -0.013 0.117 0.039 -2.684
0.008 0.040 0.000 0.117 0.040 -2.688
0.011 0.049 0.000 0.115 0.019 -2.698
0.010 0.037 0.001 0.119 0.030 -2.691
0.013 0.065 -0.011 0.117 0.031 -2.692
0.011 0.056 -0.001 0.118 0.030 -2.696
0.011 0.075 -0.012 0.117 0.037 -2.692
0.011 0.083 -0.002 0.119 0.040 -2.693
0.005 0.050 0.000 0.121 0.039 -2.693
0.010 0.078 -0.010 0.116 0.021 -2.699
0.010 0.076 -0.010 0.117 0.024 -2.697
0.008 0.045 -0.002 0.118 0.015 -2.700
0.007 0.054 -0.003 0.118 0.013 -2.697
0.014 0.076 -0.012 0.119 0.029 -2.687
0.009 0.067 -0.009 0.113 0.005 -2.695
0.006 0.073 -0.003 0.120 0.035 -2.679
0.007 0.092 -0.023 0.121 0.028 -2.688
0.006 0.051 -0.002 0.118 0.024 -2.681
0.008 0.048 -0.005 0.120 0.027 -2.677
0.008 0.113 -0.034 0.118 0.035 -2.669
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0.009 0.044 -0.003 0.123 0.034 -2.672
0.011 0.079 -0.017 0.120 0.028 -2.669
0.008 0.050 -0.007 0.122 0.027 -2.669
0.008 0.070 -0.015 0.116 0.016 -2.672
0.009 0.069 -0.011 0.120 0.034 -2.664
0.010 0.082 -0.014 0.121 0.037 -2.665
0.011 0.091 -0.017 0.119 0.028 -2.669
0.014 0.103 -0.024 0.120 0.025 -2.670
0.014 0.071 -0.006 0.116 0.025 -2.669
0.007 0.071 -0.008 0.116 0.013 -2.678
0.010 0.074 -0.012 0.123 0.026 -2.674
0.006 0.047 -0.012 0.122 0.036 -2.672
0.014 0.084 -0.023 0.117 0.029 -2.677
0.009 0.080 -0.010 0.116 0.020 -2.684
0.007 0.068 -0.013 0.116 0.017 -2.686
0.012 0.076 -0.008 0.117 0.029 -2.683
0.009 0.054 -0.018 0.119 0.033 -2.684
0.010 0.074 -0.006 0.118 0.025 -2.689
0.007 0.058 -0.006 0.117 0.021 -2.692
0.007 0.055 -0.016 0.122 0.022 -2.690
0.009 0.070 -0.013 0.123 0.034 -2.694
0.012 0.109 -0.012 0.114 0.013 -2.697
0.012 0.093 -0.010 0.123 0.038 -2.687
0.011 0.077 -0.016 0.122 0.033 -2.688
0.015 0.088 -0.016 0.118 0.015 -2.694
0.009 0.062 -0.009 0.108 -0.017 -2.708
0.013 0.067 -0.014 0.125 0.032 -2.685
0.013 0.103 -0.014 0.120 0.031 -2.684
0.013 0.089 -0.009 0.119 0.035 -2.681
0.008 0.058 -0.005 0.125 0.025 -2.685
0.009 0.046 -0.011 0.124 0.027 -2.686
0.012 0.090 -0.006 0.117 0.017 -2.685
0.013 0.082 -0.008 0.120 0.024 -2.683
0.013 0.083 -0.010 0.119 0.033 -2.681
0.008 0.057 -0.006 0.121 0.026 -2.685
0.012 0.087 -0.011 0.122 0.035 -2.684
0.012 0.114 -0.017 0.113 0.003 -2.698
0.011 0.038 -0.004 0.123 0.034 -2.687
0.010 0.053 -0.007 0.119 0.034 -2.688
0.015 0.117 -0.018 0.114 0.012 -2.698
0.018 0.086 -0.010 0.123 0.022 -2.695
0.018 0.161 -0.025 0.119 0.033 -2.694
0.015 0.086 -0.010 0.117 0.017 -2.704
0.014 0.073 -0.011 0.122 0.021 -2.708
0.012 0.076 -0.008 0.125 0.017 -2.708
0.014 0.079 -0.014 0.117 0.020 -2.707
0.010 0.066 -0.010 0.118 0.014 -2.712
0.011 0.126 -0.017 0.047 0.033 -2.672
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Table C.12 – continued from previous page
Drag Side Lift Roll Pitch Yaw
0.012 0.111 -0.019 0.119 0.019 -2.707
0.007 0.061 -0.012 0.115 -0.003 -2.713
0.007 0.073 -0.016 0.121 0.032 -2.698
0.009 0.080 -0.015 0.119 0.009 -2.707
0.012 0.080 -0.013 0.121 0.025 -2.698
0.013 0.073 -0.014 0.124 0.034 -2.691
0.011 0.057 -0.006 0.121 0.029 -2.692
0.008 0.067 -0.013 0.121 0.023 -2.690
0.011 0.073 -0.012 0.118 0.022 -2.686
0.011 0.083 -0.016 0.117 0.004 -2.690
0.009 0.047 -0.011 0.122 0.030 -2.678
0.011 0.082 -0.018 0.120 0.020 -2.679
0.013 0.113 -0.013 0.122 0.025 -2.676
0.009 0.051 -0.007 0.123 0.025 -2.673
0.009 0.048 -0.013 0.123 0.033 -2.670
0.009 0.056 -0.014 0.119 0.011 -2.678
0.011 0.099 -0.020 0.118 0.009 -2.678
0.013 0.081 -0.010 0.120 0.011 -2.677
0.016 0.103 -0.019 0.119 0.017 -2.673
0.006 0.044 -0.014 0.121 0.026 -2.669
0.009 0.040 -0.010 0.119 0.003 -2.682
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C.13 Combined Loading Test Data
Table C.13: Combined Loading Test Data
Drag Side Lift Roll Pitch Yaw
-0.121 -0.006 0.572 0.011 0.430 -0.010
-0.103 0.001 0.589 0.009 0.433 -0.009
-0.106 0.001 0.606 0.013 0.432 -0.011
-0.111 -0.003 0.585 0.007 0.433 -0.006
-0.105 0.001 0.602 0.005 0.433 -0.009
-0.104 0.001 0.581 0.008 0.433 -0.006
-0.105 0.001 0.579 0.008 0.434 -0.006
-0.105 0.006 0.588 -0.011 0.429 0.000
-0.104 0.000 0.580 0.005 0.432 -0.006
-0.103 0.001 0.588 0.010 0.433 -0.007
-0.103 0.001 0.586 0.011 0.433 -0.006
-0.103 0.000 0.589 0.004 0.428 -0.007
-0.106 0.003 0.609 0.004 0.433 -0.005
-0.104 0.001 0.594 0.008 0.433 -0.006
-0.103 0.002 0.580 0.017 0.435 -0.005
-0.103 0.000 0.595 0.013 0.435 -0.006
-0.103 0.002 0.577 0.017 0.434 -0.005
-0.103 0.002 0.587 0.017 0.436 -0.005
-0.102 0.000 0.595 0.012 0.435 -0.006
-0.104 0.000 0.599 0.013 0.434 -0.005
-0.102 0.001 0.584 0.013 0.434 -0.005
-0.101 0.000 0.587 0.010 0.436 -0.006
-0.104 0.001 0.585 0.014 0.434 -0.006
-0.101 0.001 0.583 0.015 0.434 -0.007
-0.103 0.001 0.578 0.015 0.434 -0.005
-0.102 0.001 0.580 0.010 0.435 -0.006
-0.102 0.001 0.575 0.015 0.435 -0.003
-0.114 -0.006 0.577 0.013 0.434 -0.006
-0.107 0.003 0.575 0.016 0.434 -0.005
-0.105 0.002 0.579 0.012 0.434 -0.006
-0.103 0.004 0.584 0.016 0.434 -0.006
-0.105 0.004 0.583 0.014 0.433 -0.006
-0.103 0.004 0.580 0.014 0.434 -0.005
-0.104 0.003 0.582 0.012 0.434 -0.007
-0.103 0.004 0.576 0.018 0.433 -0.005
-0.103 0.003 0.583 0.015 0.433 -0.007
-0.108 0.003 0.576 0.014 0.433 -0.006
-0.106 0.004 0.577 0.017 0.433 -0.006
-0.106 0.005 0.591 0.016 0.434 -0.006
-0.103 0.003 0.583 0.013 0.434 -0.005
-0.105 0.003 0.581 0.017 0.434 -0.007
-0.104 0.003 0.592 0.015 0.434 -0.005
-0.104 0.004 0.587 0.018 0.432 -0.008
-0.105 0.003 0.578 0.018 0.434 -0.005
-0.109 0.003 0.577 0.006 0.435 -0.001
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Table C.13 – continued from previous page
Drag Side Lift Roll Pitch Yaw
-0.108 0.003 0.573 0.018 0.434 -0.004
-0.104 0.003 0.573 0.016 0.435 -0.006
-0.105 0.003 0.577 0.015 0.435 -0.005
-0.103 0.002 0.576 0.017 0.433 -0.005
-0.104 0.004 0.580 0.045 0.429 -0.020
-0.108 0.003 0.580 0.016 0.434 -0.006
-0.104 0.002 0.585 0.015 0.435 -0.006
-0.106 0.003 0.581 0.017 0.434 -0.006
-0.108 0.003 0.582 0.013 0.430 -0.007
-0.102 0.002 0.577 0.012 0.434 -0.007
-0.102 0.003 0.574 0.016 0.433 -0.006
-0.101 0.003 0.575 0.017 0.433 -0.006
-0.107 0.004 0.587 0.018 0.434 -0.006
-0.102 0.004 0.583 0.016 0.434 -0.006
-0.103 0.003 0.577 0.016 0.434 -0.007
-0.104 0.004 0.581 0.019 0.435 -0.006
-0.101 0.003 0.584 0.017 0.434 -0.007
-0.103 0.004 0.585 0.018 0.434 -0.006
-0.103 0.004 0.581 0.017 0.434 -0.006
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Appendix D
Test Data Distributions
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Figure D.1: Thrust Testing Frequency and Normal Distributions
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Figure D.2: Drag Testing Frequency and Normal Distributions
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Figure D.3: Positive Side Force Testing Frequency and Normal Distributions
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Figure D.4: Negative Side Force Testing Frequency and Normal Distributions
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Figure D.5: Positive Lift Testing Frequency and Normal Distributions
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Figure D.6: Negative Lift Testing Frequency and Normal Distributions
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Figure D.7: Positive Roll Testing Frequency and Normal Distributions
0
5
10
15
20
-2.64 -2.62 -2.60 -2.58 -2.56 -2.54 -2.52 -2.50
0
25
50
75
100
F
re
qu
en
cy
o
f
M
ea
su
re
d
L
oa
d
s
P
ro
ba
bi
li
ty
,
P
(x
)
Measured Load (lbs)
Applied Load = −2.65 in-lbs n = 100
µ = −2.57 in-lbs
σ = 0.011 in-lbs
Figure D.8: Negative Roll Testing Frequency and Normal Distributions
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Figure D.9: Positive Pitch Testing Frequency and Normal Distributions
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Figure D.10: Negative Pitch Testing Frequency and Normal Distributions
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Figure D.11: Positive Yaw Testing Frequency and Normal Distributions
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Figure D.12: Negative Yaw Testing Frequency and Normal Distributions
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Appendix E
Data Acquisition System Hardware
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Appendix F
WINDT2011
136
Figure F.1: AVERAGE Subroutine for WINDT2011 LabVIEW Program
Figure F.2: NONDIMENSIONALIZE Subroutine for WINDT2011 LabVIEW Program
Figure F.3: TEXT Subroutine for WINDT2011 LabVIEW Program
137
Figure F.4: CALCULATIONS Subroutine for WINDT2011 LabVIEW Program
138
Figure F.5: RESULTS Subroutine for WINDT2011 LabVIEW Program
Figure F.6: REACQUIRE Subroutine for WINDT2011 LabVIEW Program
139
Figure F.7: WRITE Subroutine for WINDT2011 LabVIEW Program
140
F
ig
u
re
F
.8
:
W
IN
D
T
2
0
1
1
L
a
b
V
IE
W
P
ro
g
ra
m
141
Figure F.9: User Front Panel for WINDT2011 LabVIEW Program
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